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CHAPTER I. GENERAL INTRODUCTION
The marine environment, containing more than 1 million species, is a vast
source for potential new drugs and agrichemicals. Chemical investigations of marine
organisms in the past, especially during the last 20 years, have yielded a variety of novel
and bioactive molecules.' 1°
One of the earliest successful stories of marine natural products may well be the
isolation and the recognition of the antiviral activities of spongothymidine (I) and
spongouridine (2) from a tropical marine sponge.ioThis discovery promoted the
extensive synthesis of analogs that ultimately led to the development of the antiviral drug
ara-A (vidarabine, 3) and the anticancer drug ara-C (cytarabine, 4) that have been in
clinical use since the 1970's.
Palytoxin (5), perhaps the most complex and remarkable compound from a
marine source, can be taken as one of the most successful examples of structural
elucidation in the natural product chemistry. The structural elucidation of palytoxin (5)
was a very difficult task and was accomplished by two independent research teams 10
years after its first isolation through spectroscopic analysis and synthesis of the
fragments from a partial degradation.14-16 Palytoxin was first isolated from the
zoanthid Palvthoa toxica in 1971 12 and later proven to be the product of symbiotic
bacteria." This compound is the most lethal non-proteinaceous toxin ever known with
an LD50 of 0.15 ug/kg in mice and completely cures Ehrlich ascites tumors in mice.H 
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In early 1980's, Rinehart and his colleagues discovered didemnin-B (7) from
the tunicateTridideminum solidumwhich showed outstanding anticancer, antiviral and
immunosuppressive activities.17 The didemnins are a group of cyclic peptides that
possess a common peptide ring but differ in their side chains. Although the most
abundant component in the extract of the tunicate is didemnin-A (6), didemnin-B (7)
has proven to be the most active compound of all didemnins in anticancer (TIC = 199
against P-388 leukemia and T/C = 160 against B16 melanoma), antiviral and
immunosuppressive (1000 time more potent than cyclosporin-A) testings. Currently,
didemnin-B is in phase II clinical trial for its anticancer activity.
Marine algae is a very broad term that includes most of the marine organisms
being capable of photosynthesis. They include macroalgae, such as red algae
(Rhodophyta), and unicellular algae such as blue-green algae (Cyanophyta). Several
research teams in different parts of the world have carried out wide-range screening of
lipid extracts of marine algae for bioactive substances.18-26 The bioactivity screening of
some red algal species showed that more than 50% of the lipid extracts tested were
active in antimicrobial testing and a good percentage of either lipid or aqueous extracts
were active in antiviral, antineoplastic, and antitumor testings. Some reports suggested
that the antitumor activity of the aqueous extracts may be due to polysaccharide sulfates.
The chemical investigations of red algae have yielded a variety of bioactive
metabolites ranging from simple bromoform to complex terpenoids. The most
distinctive character of red algae metabolites is the frequent presence of halogens.3 For
example. the red algae Asparagopsistaxifonnisand A.urmatasurprisingly contain
bromoform as their major metabolite. 27'28 The minor metabolites isolated include
halogenated ketones, acrylic acids and acetic acids. The red algae of the genus
Ploccuniumhave produced a number of halogenated monoterpenes 29 while the red algae4
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Laurencia obrusa and L. okamurai are the source of unique bromoallene compounds
including obtusallene (8) 30 and okamurallene (9).31, 32
In the early 80's, a new class of chemistry, oxylipin chemistry, started to
emerge from red algae. Oxylipin is an inclusive term for oxygenated fatty acids
formed by reaction(s) involving at least one step of mono- or dioxygenase-catalyzed
oxygenation.33 The oxygenated eicosanoids are known to be the products of three
enzyme systems, cyclooxygenase, lipoxygenase, and cytochrome P-450 in mammalian
systems. These molecules play many important roles in mammalian physiology and
pathophysiology and many of the HETEs and leukotrienes have close connections with
many inflammatory diseases. In several higher plant tissues, especially potato tubers
and soybeans. the oxylipins and lipoxygenases have also been studied in detail.34
Comparatively, it was a recent event for people to recognize that marine algae also have
the capacity to produce oxylipins and prostaglandins.In 1979, Gregson reported the
identification of the prostaglandins PGE,2 (10) and PGF2a (11) from the red alga
Gracilaria lichenoides.35 Fusetani later reported that PGE, was responsible for several
"Ogonori" poisonings of the algae Gracilaria verrucosa and G. chorda.36 In 1981,
Higgs isolated hybridalactone (12) together with the antimicrobial compounds 5(Z),
8(E), 10(E)-11-formylundecatrienoic acid and mischaracterized 12-HEPE (18)
(revised by Bernart and Gerwick) from the red alga Laurencia hvhrida.37HOOC
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Hybridalactone is a remarkable lipid which contains an unusual cyclic structure and may
be the product of 12-lipoxygenase activity in the alga. During the past seven or eight
years, the researchers in our laboratory have discovered a series of exciting oxylipins
from marine red algae. The four red algae Murravella periclados.38 Platvsiphonia
miniata, Cottoniella filamentosa,39'42 and Constantinea simplex 58 have been shown to
produce 12(S) -HETE (17).Before our discovery of 12(S)-HETE, this molecule was
thought to only exist in mammalian systems and the commercial value is priced up to
$3000/mg.42 In addition, 12(S)-HEPE (18) and 6(E)-LTB4 (19) have been isolated
from M. periclados,40.38 hepoxilin-B3 from P. miniata and C..filamentosa,41 and the
cyclopropyl-containing constanolactone from Constantinea simplex.58 The red alga
Ptilota.filicitui is the source of three novel eicosanoids (13-15) among which ptilodene
(13) is an inhibitor against Na+/K+ ATPase.43." Recently, three novel oxylipins,
12(R*), 13(S*)-diHETE (20), 12(R), 13(S)-diHEPE (21) and 10(R*), 1 1 (S*)-diHOTE
(22), were identified from the Oregonian red alga Farlowia
Cyanophytes or blue-green algae can be found from both terrestrial and marine
sources. The frequent fresh-water algae blooms in different parts of the world have
caused numerous injuries to humans and animals.48 The responsible toxins have been
determined to be a series of hepatotoxic cyclic peptides.
Marine blue-green algae can be found in free living form or as symbionts of
marine invertebrates. In 1984, Patterson evaluated a number of tropical algal extracts
for antineoplastic activity and showed blue-green algae are excellent candidates.23
However, it was noted that the bioactivity of certain algae varied greatly even within the
same species collected at different times or locations.
Marine blue-green algae have produced a number of toxins. The Hawaiin blue-
green alga Lynghva majuscule has been studied in the greatest detail by Moore and hisCH30
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colleagues. Lyngbyatoxin-A (23) and debromoaplysiatoxin (24) are two toxins from
L. majuscule responsible for the contact dermatitis called "swimmer's itch".49-5°
Majusculamide C (26) is a cyclic depsipeptide from the deep-water variety of L.
tnajuscula and inhibits the growth of fungal plant pathogens.5'Malyngic acid (27)
and malyngolide (28) are two unique lipids from L. majuscula and malyngolide shows
antimicrobial activity.
52-53Additionally, other compounds have been identified from
several different marine blue-green algae including oscillatoxin (25) from Oscillatoria
nigroviridis.54 the optically active bromoindole dimer (29) from Rivularia firma 55 and
nodularin (30) from Nodularia spumigena.56 In addition, both terrestrial and marine
blue green algae have produced a series of cyclic peptides (see the introduction to
chapter VI).
Despite the efforts and achievements in the past, the vast majority of the algal
species remain unexamined. When I joined Dr. Gerwick's research group, I was
attracted to the diversity of novel marine natural products available from the marine algae
and the bioactivities often associated with them. When I decided to devote my thesis
research to the study of algal chemistry, I fully expected to discover some novel and
bioactive metabolites from this group of marine organisms. During the past four and
half years, I have carefully studied the chemistry of four species of red algae and one
species of blue-green algae. This dissertation is the summary of the results.
In the next five chapters, I shall discuss the chemistry of these five individual
algae. In chapter II, the focus will be on the chemistry of the Oregon red alga
Gracilariopsis lemaneiformis. This alga produced three categories of compounds,
namely, oxylipins, pyrrole alkaloids and novel galactolipids. The oxidation pattern of
the isolated oxylipins and galactolipids clearly suggested that this red alga contains a 12-
lipoxygenase system that oxygenates at position-12 of an arachidonic acid precursor. A9
recent isotope-feeding study showed that the enzyme system takes hydroperoxides as its
precursors to form the vicinal diol 12(R), 13(S)-diHETE. In chapter III, I will discuss
the rather different eicosanoid chemistry of the Washington red alga Polvneura
latissima. The five identified eicosanoids include 9(S)-HETE, 9,15-diHETE, the novel
divinyl ether polyneuric acid and two diastereomeric hepoxilins. Isolation of these
similarly oxidized eicosanoids indicates that this red alga contains an unique 9-
lipoxygenase system. Chapter IV will deal with the chemistry of the red alga
Rhodymenia pertusa. The products identified from the alga, 5(R)-HETE, 5(R),6(S)-
diHETE and 5(R),12-diHETE, suggest that this organism may contain a 5-lipoxygenase
system. Chapter V will describe a new crystalline heterocycle isolated from the red alga
Botryocladia pseudodichotoma.
Chapter VI will present the total structure of hormothamnin-A, a cytotoxic cyclic
undecapeptide from the tropical blue-green alga Hormothamnion enterotnorphoides.
The complete structure was determined by a combination of high resolution 2D-NMR
techniques (including COSY, TOCSY, HMQC, ROESY, NOESY and HETCOR
experiments), chemical degradation, HPLC analysis of chiral derivatives of acid-
liberated residues, FABMS and chemical synthesis.10
CHAPTER II. THE CHEMISTRY OF THE TEMPERATE RED MARINE ALGA
GRACILAR1OPSIS LEMANEIFORMIS
ABSTRACT
The chemical examination of the temperate red marine alga Gracilariopsis
lemaneiformis from the coast of Oregon has led to the isolation of three categories of
metabolites as peracetate and methyl ester derivatives. The first category of 10
oxylipins includes 12(S)-HETE, 12(R), 13(S)-diHETE, 12(R), 13(S)-diHEPE and
three new oxylipins. i.e. 10(S*)-hydroxy-6(Z), 8(E), 12(Z), 15(Z)-octadecatetraenoic
acid, 12-hydroxy-5(Z), 8(E), 10(E)-dodecatrienoic acid, and 12(1e), 13(S4)-
dihydroxy-18-keto-5(Z), 8(Z), 10(E), 14(Z), I 6(E)-eicosapentaenoic acid. The
isolation of these oxylipins suggests that this red alga possess a 12-lipoxygenase
system. The second and most complex category of three unusual galactolipids includes
one 12(R), 13(S)-diHEPE-containing monogalactosyldiacylglyceride (MGDAG), one
12(R),13(S)-diHEPE-containing digalactosyldiacylglyceride (DGDAG) and one
aldehyde-containing DGDAG. The gross structures and stereochemistries of the
compounds were established by the analysis of various spectroscopic features including
2D NMR data. The structure of the monogalactosyldiglyceride (MGDAG) metabolite
was deduced as 1,2-bis-0-[12(R*), 13(S*)-dihydroxy-eicosa-5(Z), 8(Z), 10(E), 14(Z),
17(Z)-pentaenoy11-3-0-13-D-galactopyranosyl glycerol. The absolute stereochemistry of
the galactose residue in this metabolite was determined from its optical rotation
following isolation from the crude acid hydrolysis product. The structures of the
digalactosyldiglyceride and aldehyde-containing DGDAG metabolites were deduced as 1-
0-112(R*), 13(S*)-dihydroxy-eicosa-5(Z), 8(Z), 10(E), 14(Z), 17(Z)-pentaenoy11-2-0-
palmitoy1-3-0-1-0-D-galactopyranosy1-6,1-a-D-galactopyranosyl 1-glycerol and 1-0-[5-11
hydroxy- 1 2-oxo-dodeca-6( E), 8( E), 10( E)-trienoyl 1-2-0-pal m i toy1-3-0-I -13-D-
galactopyranosy1-6,1-a-D-galactopyranosyll-glycerol. The isolation of these three
metabolites documents the production of both "prokaryotic" and "eukaryotic" forms of
galactolipids by this marine plant as well as illustrates a novel lipoxygenase-type
metabolism of polyunsaturated fatty acids while they are presumably esterified to
galactosylglycerol, a relatively unusual structural feature in glycerol-based lipids.The
last category of two novel pyrroles inlcudes N-(2-hydroxypropy1)-2-(2-hydroxyacety1)-
pyrrole and N-(2-hydroxyethyl)-2-(2-hydroxyacety1)-pyrrole, which may be
biosynthefically derived from amino acids and carbohydrates.12
11-1. OXYLIPINS FROM THE MARINE RED ALGA
GRACILARIOPSIS. LEMANEIFORMIS
Introduction
The efforts in our laboratory of the past several years to describe new natural
products from marine sources have led to the discovery that many red algae produce
38-41 43-47 oxylipms. These include the known lipoxygenase metabolites 12(S) -HETE
38.39and hepoxilin 131 (1) 41, which were previously described only as the result of
animal metabolism, three novel oxylipins 12(R).13(S)-diHETE, 12(R),I3(S)-diHEPE
and 10(R*),I1(S*)-diHODE in the red alga Farlowia mollis 45 47 and constanolactones
from the red alga Constantinea simplex.58 Up to date, there have been several other
reports regarding the isolation of oxygenated fatty acids from algae. In 1979. the
Australian red alga Gracilaria lichenoides was shown to be the producer of two
prostaglandins PGE, (2)and PGE,a(3),35 the former being the anti-hypertensive agent
and the responsible agent for several "Ogonori" poisonings by the consumption of
Gracilaria verrucosa and in Japan.36
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G. chorda Higgs et al. isolated a complex eicosanoid, hybridalactone (4), and 12(S)-
HEPE from the red alga Laurencia hybrida.
37' 40After having established the absolute
stereochemistry of hybridalactone, Corey et al.suggested that this compound could be
the product of a 12-lipoxygenase pathway (see Figure 11.1).59-6° The reaction could be
initiated by oxygenation at position-12 of the precursor EPA followed by a
rearrangement of the hydroperoxide to form a cyclopentyl epoxide cation species which,
by another rearrangement and bond-shifting, could lead to the cation with an adjacent
cyclopropyl functionality. The final product hybridalactone could be formed by the
carboxylate anion attacking the cation site.60 In humans, arachidonic acid is the
common precursor for many biologically important molecules. Through three cascades
of enzymatic actions, i.e., cytochrome P450, cyclooxygenase and lipoxygenase
pathways, arachidonic acid can be converted to prostaglandins, HETE's and
leukotrienes, and epoxides. Some of the molecules are known to have close relations
with many diseases and some are vital to normal physiology. For example, leukotrienes
are considered to be one group of the most potent inflammatory agents while
prostaglandins are important in many biological functions such as smooth muscle
constriction, reproduction. sodium ion and urine excretion.61 In plants, the exact roles
of oxylipins are still to be defined.
In this section of the chapter,I present our efforts describing the free fatty acid
constituents of Gracilariopsis lemaneifOrmis. Following derivatization and
chromatography, the extract from this alga yielded three novel fatty acid derivatives (14,
18, and 24) in addition to derivatives of seven known compounds (6, 8, 10, 12, 16,
20, 22) (see Figure 11.2).co,
Figure 11.1 Proposed Biosynthetic Pathway for Hybridalactone (4)
CO
1415
Results and discussion
Gracilariopsis lemanelf brmis was collected from exposed intertidal pools at Cape
Perpetua on the Oregon coast on 1 July 1988 and extracted with CHC13/Me0H (2:1) to
give 13 g of a dark green oil. A portion of the extract (10 g) was acetylated to improve
the chromatographic characteristics and stability of hydroxy-containing metabolites and
then fractionated by normal phase vacuum chromatography. Polar fractions contained
the peracetate derivatives of the MGDAG and DGDAG metabolites which will be
addressed in the third section of this chapter, while several less polar fractions contained
peracetate derivatives of hydroxy and ketone containing fatty acids. These latter
fractions were treated with diazomethane in order to further enhance their
chromatographic behaviors and then isolated by vacuum chromatography followed by
HPLC. A fraction eluting with 6% EtOAc in isooctane yielded derivatives 6, 8, 10,
12, 14, and 16, while that eluting with 10% EtOAc in isooctane yielded derivative 18.
Compounds 20 and 22, which had been previously isolated in work with another red
alga, Farlowia mollis,45 were isolated from a fraction eluting with 15% EtOAc in
isooctane. Finally, a fraction eluting with 25% EtOAc in isooctane yielded derivative
24. Of these, derivatized fatty acids 14, 18 and 24 were determined to be of novel
structure (see Figure 11.2).
Derivative 14. la1D23 = -7.10. was a colorless oil and contained a conjugated
diene (Amax = 234 nm). Its 1H NMR spectrum showed one acetate methyl (61.71), one
carbomethoxy ester (63.34), and four disubstituted olefins, one of which was trans (J =
12.3 Hz; IR vc_cti 983 cm i; comparison of 13C NMR chemical shifts to model
compounds,4° see Table II.1). The EIMS of 14 gave a key fragment at m/z 239 (10%)
resulting from loss of C8H13 and indicated that C-10 contained the acetoxyl group. By16
1H-1H COSY, the complete proton connectivity in 14 was established, confirming that
C-10 contained the acetoxyl group, and allowing formulation of derivative 14 as methyl
10(S*)-acetoxy-6(Z),8(E),12(Z),15(Z)-octadecatetraenoate (see Figure 11.2).
Derivative 18 was also a colorless oil which contained a conjugated diene (Amax
= 232 nm). Although 18 did not yield a molecular ion in the EIMS, observation of an
intense fragment ion at m/z 206 (M+-HOAc) in combination with 13C NMR data in
which 15 carbon atoms were observed, allowed deduction of a molecular formula of
Ci5H04. Coupling constant analysis of the deshielded olefinic protons in 18 (Table
11.1) revealed that the conjugated diene had an all trans configuration. By 1H-1H
COSY, an unequivocal connectivity for all of the protons in derivative 18 was
provided, and thus, defined its structure as methyl 12-acetoxy-5(Z),8(E),10(E)-
dodecatrienoate.
Compound 24, la ID23 = -2.4°, was a colorless oil which had UV absorptions
indicative of diene (236 nm) and dieneone (267 nm) functionalities. Further, a highfield
13C NMR resonance at 68.12 for the terminal methyl group suggested an 18-keto
functionality (see Table 11.1 and Figure 11.2). Although the EIMS for derivative 24 did
not show a N4', its 13C and 1H NMR data were highly comparable to those obtained for
12,13-diHEPE diacetate, methyl ester 45 and allowed deduction of a molecular formula
of C25H3407. Additional comparisons of the 1H-1H COSY and other NMR data for
derivative 24 with that obtained for I2.13-diHEPE diacetate, methyl ester 45 allowed its
formulation as methyl I 2(R*),13(S*)-diacetoxy-18-keto-5(Z), 8(Z),10(E), 14(Z), 16(E)-
eicosapentaenoate. Stereochemistry of the C14-C15 olefin was tentatively assigned by
comparing the 13C NMR shift at C-13 with appropriate model compounds 40' 45 while
that of the other olefins could be directly determined by proton coupling constants (see
Table 11.1).17
Table 11.1. 1H and 13C NMR Data for Oxylipin Derivatives 14. 18. and 24 a
C#
I
Derivative 14
1H-NMR b
2 1.96 ni
3 1.16 p, 7.6
4 1.46 p, 7.6
5 2.02 m
6 5.4m
7 5.98 dd. 11.3,10.9
8 6.67 ddd. 12.3,11.3,1.0
9 5.63 in
10 5.60 m
1 la 2.47 M
1lb 2.37in
12 5.51in
13 5.54 m
14 2.80 dd, 6.2.6.2
15 5.40 in
16 5.45 in
17 1.98 m
18 0.91t, 7.6
19
20
Acetate
CHI 1.71s
C=0d
-COOCH1
3.34 s
Compound 18
C#
1H-NMR h
1
2 2.07t. 7.2
3 1.57p, 7.2
4 1.90 q, 7.2
5 5.30 M
6 5.39in
7 2.65t. 6.5
8 5.53in
9 5.95 ddt. 15.0, 10.5, 1.5
'All samples nm in benzene-d-6 with TMS as an internal chemical shift reference. Assignments for each
compound based on 1H-1H COSY and comparison with model compounds. h Run at 300 MHz (1H) and
75 MHz (13C).' Run at 400 MHz (1 H) and 100 MHz ( "C). d Resonance not observed.
C-gAssignments may he interchanged.
Derivative 24
13C-NMR '
d
33.81
24.64
29.14
1H-NMR` 11C-NMR '
d
33.25
24.96
26.71
2.09t. 7.4
1.56t, 7.4
1.90 q. 7.4
27.57 5.27in 129.89
133.21 5.27in 127.76
128.34 2.78 hr t 26.40
127.18 5.37 (R. 10.5,7.7 132.16 1
131.34 5.95 m) 127.64 '
74.08 6.78 dd. 15.0.11.3 131.09 g
32.90 5.62in 126.46 C
124.46 5.76 dd. 8.0,4.0 75.40
131.37 6.25 dd. 9.0,4.0 70.66
26.03 5.62 In 133.62 1
126.46 5.95 m 131.88 g
132.23 7.70 dd. 15.8,11.6 135.30
20.80 5.98 d. 15.8 132.85 1.
14.38 199.46
2.31q, 7.3 32.93
1.02t. 7.3 8.12
20.79 1.66 s 20.58
1.71s 20.46
d 169.33
50.86 3.37 s 50.99
Compound 18
"C-NMR C# 1 H-NMR b "C-NMR h
173.13 10 6.12 dd, 14.8. 10.5 133.98
33.22 11 5.58in 125.30
24.93 12 4.47 d, 6.7 64.68
26.59 Acetate
129.89 Me 1.65s 20.42
129.71 C=0 169.81
30.55 -CO, Me
134.67 3.34s 50.92
127.84O
O
O
O
O
OR
OR
OR
OR
OR
OR
OR
0
OR
O
0
OR
0
OR
18
5R = RI = H
6R = RI = CH3
7R = R' = H
SR = R' = C.H3
Figure 11.2. Oxylipins from G. lemaneilimnis
9R = R' = H
10R = R' = CH3
1 1R = R' = H
12 R = R' = CH3
13 R = R' =
14 R= R' = CH3
15 R = R' = H
16 R = R' = CH3
17 R = R' = H
18R = R' = CH3
19 R = R' = H
20R = R' = CH3
21 R = R' = H
22R = R'CH3
23 R = 121H
24R = R' = CH3
The structures of the derivatives of the known compounds 'methyl 12(S*)-
acetoxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoate (6), methyl 12(S)-acetoxy-19
5(Z),8(Z),10(E),14(Z), 17(Z)-eicosapentaenoate (8), methyl 12(R ),13(S )-diacetoxy
5(Z),8(Z),10(E),14(Z)-eicosatetraenoate (10), methyl 12(R),13(S)-diacetoxy-
5(Z),8(Z),10(E),14(Z),17(Z)-eicosapentaenoate (12), methyl 13(S*)-acetoxy-
9(Z),11(E)-octadecadienoate (16), methyl 13-keto-9(Z),11(E)-octadecadienoate (20),
methyl 13(S*)-acetoxy-9(Z),11(E),15(Z)-octadeca.trienoate (22)1 were determined by
analysis of their 1H NMR, 13C NMR and MS spectra, as well as by comparison with
authentic compounds (see experimental).
In our previous work on the eicosanoid chemistry of red marine algae, we have
shown that several produce a variety of 12-hydroxy compounds which logically derive
from the 12-lipoxygenase pathway.62In only a few cases have we found evidence of a
lipoxygenase system with a different positional specificity in an eicosatetraenoic or
eicosapentaenoic acid precursor.44-45 Now, in this study on the complete array of free
fatty acids in G. lemaneiformis, I describe an assortment of linoleidlinolenic/stearidonic
acid derived hydroxy acids oxidized at C10 and C13 and
eicosatetraenoic/eicosapentaenoic acids oxidized at C12, C13 and C18. These findings
are notable in that several of these compounds were previously considered to only exist
as products of animal metabolism, while others are of novel structure.62 58
12(R), 13(S)-diHEPE, one of the three novel oxylipins from Farlowia mollis,
is the major oxylipin from G. lemaneiformis. The bioactivity testing of 12(R), 13(S)-
diHEPE methyl ester performed by Dr. Stormshak's laboratory showed that this
compound is an inhibitor of the production of progesterone from sheep ovary. This
prostaglandin-like activity could be potentially exploited in animal management practices
for shortening the estrous cycle of the non-pregnant animals so that they could be bred
again.63
The diversity of products isolated from this alga indicates that it may contain20
several different lipoxygenase/oxidase enzyme systems with different regiochemical
specificities. In this regard, we have recently described the in vitro metabolism of
arachidonic acid to 12S-HETE and 12R. 13S-diHETE by acetone powder enzyme
extracts from G. lemaneiformis .41 The isotope-labelling and hydroperoxide-trapping
experiments showed that the formation of the diol is an intramolecular rearrangement
process involving two enzymes, i.e., a 12-lipoxygenase which catalyzes the
oxygenation of arachidonic acid to 12-hydroperoxide, and a hydroperoxide isomerase
that mediates the rearrangement of the peroxide to the vicinal diol 12R,13S-diHE1 E (see
Figure 11.3 below).33
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Figure 11.3. Biosynthetic Pathway for 12(R), 13(S)-diHEPE21
11-2. THE NOVEL GALACTOLIPIDS FROM THE MARINE RED ALGA
GRACILARIOPSIS LEMANEIFORMIS
Introduction
The occurrence, biosynthesis and metabolic functions of glycolipids in plants,
the major membrane lipids of chloroplasts and thylakoids, has been an area of intense
-66 interest and investigation over the past 20 years.64A fascinatingly intricate
compartmentalization exists within eukaryotic cells which leads to the separate
production of monogalactosyldiglycerides (MGDAG) and digalactosyldiglycerides
(DGDAG) with acyl groups of different chain length at sn- 1 and sn-2 of glycerol.
Those with C-16 acyl groups at position sn-2 of glycerol are biosynthesized in the
chloroplast and have been termed "of prokaryotic origin" while those with C-18 or
longer acyl groups at this position are produced on the endopiasmic reticulum and hence
are described as "of eukaryotic" or "cytoplasmic origin".67-68 A number of conflicting
hypotheses have been proposed for the biosynthesis of MGDAG and DGDAG with
different degrees of unsaturation in these acyl groups.64 Recently, however, work with
the unicellular green alga Dunaliella sauna has clarified the relationships of these
different molecular species.68 Digalactosyldiglycerides apparently derive from the
corresponding monogalactosyldiglycerides with desaturation of the acyl groups
occurring both prior to as well as after this second galactosylation by UDP-galactose.
These unsaturations occur to varying degrees depending on the nature of the acyl groups
involved and the conditions under which the plant tissue is grown.69
Galactolipids occur widely in the plant kingdom and form the major lipid in
photosynthetic tissues. In non-photosynthetic tissues their concentrations are22
minima1.64 Surprisingly, it is onlyvery recent that the definitive study of galactolipids
and speciation therein has occurred for the major marine plant phyla (Rhodophyta,
Chlorophyta, Phaeophyta).70In these latter taxa, the positional distribution of the fatty
acids in the galactolipids, while showing specific quantitative variations, generally
follow the patterns observed in higher plants.
The functional role of these major chloroplast membrane components are not
clearly known at present. However, current hypotheses 64 include 1) a biophysical role
in membranes by providing an optimal environment for electron transport processes in
photosynthesis, 2) an active redox role in the light reaction of photosynthesis, 3) the
peroxidation of unsaturated acyl groups serves to scavenge reactive 0, species, 4) the
galactose moiety acts as a rapidly turned over carbon reservoir, 5) a role in frost
resistance in higher plants, and 6) the de-acylated forms (i.e. galactosylglycerol) are
involved in osmoregulation in macrophytic marine algae.
71In this later case, the
molecular species involved contain galactose at C-2 of glycerol (floridoside) or C-1/C-3
(isofloridoside) and their occurrence follows phylogenetic divisions within the red algae
(Rhodophyta).
Over the past several years we have surveyed temperate seaweeds from the coast
of the Pacific Northwest of the United States for potentially useful biomedicinal
properties. In the first section of this chapter, I have shown a remarkably rich
assortment of novel lipids from this red alga. In this section, I will present three
MGDAG and DGDAGs containing regio- and stereo- specifically oxidized acyl groups.
Despite extensive efforts on the structural chemistry and biosynthesis of plant
galactolipids, there has never been a report of an oxidized fatty acid participating as a
component of a MGDAG or DGDAG. Moreover, involvement of a oxidized fatty acid
as a natural component of any plant or animal glycerol based lipid is relatively rare, and23
hence, our findings with Gracilariopsis are of particular interest.24
Results and discussion
Collections of G. lemaneiformis from several sites along the Central Oregon
Coast were made during the summer of 1988 and yielded lipid extracts which showed a
number of novel-appearing and UV-absorbing polar compounds by TLC analysis.
Hence, the extract of an early summer collection was first acetylated and then
fractionated by normal phase vacuum chromatography.
73Relatively non-polar fractions
yielded UV-absorbing oxylipins described in the first section of this chapter. Two more
polar fractions from the initial chromatography were unreactive to CH,N., and hence,
chromatographed directly using a combination of normal and reverse phase HPLC to
give the three derivatives, 26, 28 and 30, as colorless oils.
Derivative 26,a=+16.7° (c 0.48, acetone), showed a substantial 1M-H1
peak by negative ion HR FAB MS which was interpreted to give a molecular formula of
C65H90022. Multiple acetate esters were evident in this derivative from an intense IR
absorption at 1749 cm-1. From HR 'H NMR analysis this accorded to 8 acetate groups,
implying that the natural product had 8 esterifiable alcohols and a molecular formula of
C49H74014. Of the 13 degrees of unsaturation inherent in this latter formula, 2 were
assignable to ester carbonyls and 10 to carbon-carbon double bonds from 1H and 13C
NMR data (see Table 11.2, Figure 11.9 and 11.10), and thus, derivative 26 contained I
ring.
From 1H-1H COSY data, derivative 26 contained four separate spin systems.
The first was cleanly resolved and closely matched that expected for theii-O-glycoside
of an aldohexopyranose per-acetate. Coupling constant analysis defined the
stereochemical relationship of protons in this sugar as being that of (3-galactose, and this
was confirmed by comparison of its13C NMR spectrum with published data.74 Acid25
hydrolysis of derivative 26 gave a sugar which was shown by TLC analysis and a
positive optical rotation as D-galactose.
A second spin system was easily assigned to an unsymmetrical and fully
substituted glycerol moiety. The methylene protons at C-1 and C-3 were at distinctly
different and characteristic chemical shifts (Table 11.2) reflecting the acyl versus
glycosidic substitution at these two positions.75
The third and fourth spin systems, which represented the two acyl groups, were
overlapped in the majority of their 1H NMR bands. Only the C-2' (C-2") and
C-3' (C-3") protons of the two acyl substituents were differentiated, with those of the
acyl group at C-1 of glycerol appearing as normal sharp bands at 62.19 and 1.66 while
those of acyl group at C-2 of glycerol were slightly further down field at 62.26 and 1.70
(see Figure 11.9). The remainder of the protons for the two acyl substituents were
exactly coincident and gave the expected two-fold integrations. The identities of these
two acyl substituents were revealed by 1H -1H COSY data as 12(R*),13(S*)-diacetoxy-
5(Z),8(Z),10(E),14(Z),17(Z)-eicosapentaenoic acid. the same acid as isolated above in
free form. The stereochemistry of the double bonds was confirmed by a combination of
1H-1Hcoupling constant analyses and a close correlation of carbon shifts with this
eicosanoid derivative as originally reported from F. morns. The threo relationship of
substituents at C-12' (C-12") and C-13' (C-13") in both acyl groups was revealed by
the characteristic coupling constant between the relevant protons (Table II. 2) which was
highly comparable to values for the derivative 12.45
Combination of these partial structures could occur in only a single manner
considering the unsymmetrical glycerol constraint, and thus, the underivatized seaweed
natural product 25 was defined as 1.2-bis-0-112(R*1.13(5 *)-dihydroxy-eicosa-
5(Z),8(Z),10(E).14(Z),17(Z)-pentaenoy11-3-0-13-D-Ralactopyranosyl glycerol.26
Table 11.2.1H and 13C NMR Data Assignments for Compounds 26 and 28 a
Compound 26 Compound 28
I H NMR I-C3 NMR I-11 LIC NMR NMR
Acyl Group at C-1
I' 172.41 172.76
2'2.19 t7.6 33.40 2.23t7.4 33.45
3'1.66in 24.98 1.64 m 25.00
4'2.01m 26.74 2.00 m 26.75
5'5.36m 129.79 5.35 m 129.85
6'5.36in 128.26 5.36 in 128.85
7'2.86hr dd 26.42 2.86 hr dd 6.9, 6.9 26.43
8'5.56m 132.46 5.54 m 132.47
9'6.05dd 11.2. 11.2 128.02 6.05 dd 11.2, 11.2 128.03
10' 6.89dd 11.2, 14.7 130.83 6.87 dd 14.9, 11.2 130.82
I l' 5.82dd 8.1, 14.7 127.33 5.81CR 127.29
12' 5.90dd 8.1, 3.8 75.44 5.88 dd 8.2, 3.8 75.44
13' 6.23dd 10.1, 3.8 70.52 6.23 dd 8.3, 3.8 70.53
14' 5.66 m 124.09 5.66 m 124.11
15' 5.66m 135.05 5.65rn 135.04
16' 3.08 n 26.74 rn 3.08 26.75
17' 5.46 m 126.30 5.46 m 126.31
18' 5.46 m 133.05 5.45 m 133.05
19' 2.10 dq 7.5. 7.0 20.86 2.10 dq 8.6, 6.2 20.88
20' 0.97t7.5 14.36 0.97 m 14.34
Acyl Group at C-2
1" 172.65 172.76
2"2.26t7.4 33.65 2.31 34.43
2.39
3"1.70 m 24.98 1.78 m 25.22
4"2.01m 26.74 1.3-1.4 m
5"5.36in 129.79 1.3-1.4 m -
6"5.36In 128.26 1.3-1.4in
7"2.86hdd 26.42 1.3-1.4nt
85.56 m 132.46 1.3-1.4in ' 32.32, 30.17
9"6.05dd 11.2, 11.2 128.02 1.3-1.4 m 30.12, 29.97
10" 6.89dd 11.2, 14.7 130.83 1.3-1.4in 29.75. 29.54
II" 5.82dd 8.1. 14.7 127.33 1.3-1.4 m 23.09
12" 5.90(1(1 8.1, 3.8 75.44 1.3-1.4 m
13" 6.23dd 10.1, 3.8 70.52 1.3-1.4In
145.66in 124.09 1.3-1.4nl
15 "5.66 m 135.05 1.3-1.4111
16" 3.08 m 26.74 0.97 m 14.34Table 11.2 (continued)
Compound 26 Compound 28
(itt IH NMR IIC NMR I H NM R -IC NMR
27
17" 5.46
18" 5.46
19" 2.10
20" 0.97
Galactose 1
in
m
dq 7.5, 7.0
t7.5
d8.1
126.30
133.05
20.86
14.36
101.83 4.29 d 7.8 101.83 I "" 4.32
2"" 5.56m 69.04 5.65 m 69.09
3"" 5.23dd 10.4. 3.5 71.10 5.21 dd 3.5,10.7 71.46
4"" 5.45in 67.34 5.55in 67.91
5"" 3.49t6.7 71.27 3.42t5.9 71.93
6"" 4.21d6.7 61.33 3.82 dd 5.9,10.2 65.89
3.28 dd 5.9,10.2
Galactose 2
7"" 5.19 d 3.4 96.95
8"" - - 5.65in 68.30
9"" 5.84 in 68.57
I 0"" - - 5.84 m 68.08
11- 4.39in 67.43
12"" - 4.27 m 61.83
4.41 m
Glycerol
I4.31
4.48
m
dd 12.1, 3.1
62.73 4.56 dd 12.1,
4.42 m
3.3 62.88
25.55m 70.35 5.55 m 70.25
33.80
3.69
dd 10.2, 6.2
dd 10.2. 5.7
67.83 3.83 dd 10.2,
3.73 dd 10.7,
6.2
5.7
67.83
Acetates"
1.623H
II169.0219.87 1.63, 1.68
b169.0719.89,19.99
1.743H 169.5020.20 1.77, 1.78 169.5020.22.20.29
1.779H 169.5520.51 1.81. 1.82 169.8120.37,20.52
1.783H 169.6720.64 1.83, 1.98 170.0820.65,20.73
1.823H 169.7120.71 2.03
1.973H 170.08
aI H NMR spectrum recorded in CDCI3 at 400 MHz and I3C NMR spectrum in
benzene -d6 at 100 MHz with 0.05% TMS as an internal chemical shift reference; I3C
NMR chemical shifts assigned by a I H-I3C heteronuclear chemical shift correlation
experiment.
h Carbon resonances for acetate functionalities were severely overlapped.
cMultiple overlapped carbon resonances not assigned.28
Table 11.3. 1H and 13C NMR Data for Aldehyde DGDAG Derivative 30 from
Gracilariopsis lemaneil brmisa
#C I H NMR
PPm 11-1J(Hz)
3.2
I3C NMR #C I H NMR
pan m
Galactose 2
aliLl
3.7
10.0,
10.0,
3.0
3.6
3.3
NMR
ppm
Galactose I
7.9
10.5,
3.0
9.8, 5.4
9.8. 7.2
101.76
69.07
71.37
67.92
71.99
65.87
96.81
68.30
68.57
68.04
67.41
61.87
4.48 d
5.20 m
3- 5.01 dd
4'" 5.42 hr d
5'" 3.85 m
6." 3.77 dd
3.43 dd
I""
5""
4.95 d
5.12 dd
5.29 dd
5.42 br d
4.16in
4.18in
4.12 in
Glycerol Acyl group at sn -I
1 4.32 dd
4.14 m
11.2,3.0 63.06 1'
2' 2.33 in
172.40
33.50
2 5.18 m 70.14 3' 1.69 m 20.66
3 3.99 dd
3.64 dd
10.8,
10.8,
4.6
5.4
67.77 4'
5'
1.67 m
5.32 m
33.75
73.27
Acyl Group at sn-2 6' 5.89 dd15.0,6.6 136.71
I" 172.76 7' 6.38 dd15.0,10.2 131.25
2" 2.31 m 34.40 8' 6.62 dd14.7,10.2 140.24
3" 1.61 m 25.20 9' 6.48 dd14.7,10.9 131.25
4"-15"b
1.2-1.4 m 32.29,30.15
10'
11'
7.10 dd
6.17 dd
15.2,
15.2,
10.9
8.0
149.92
132.34
30.09,29.96 12' 9.57 d 8.0 192.08
29.77,29.73
29.52,23.06
16" 0.88s 6.7 14.31
Acetates'
1.96.1.91 170.04,20.71,20.66
1.78.1.76 169.80,20.48.20.35
1.75.1.72 169.42,20.29,20.18
1.62.1.57 169.02.19.96,19.87
aI H NMR spectnim recorded in CDCI3 at 300.13 MHz and I3C NMR spectrum in
benzene-dt, at 100.61 MHz with TMS as an internal chemical shift reference; I3C
NMR chemical shifts assigned by a I H-' ;C heteronuclear chemical shift correlation
experiment.
Signals overlapped.
cnot assigned.29
Compound 28, la If;3 = +46° (c = 0.27, Me0H), showed a prominent 1M-1 at
m/z 1348 by negative ion FAB MS yielding a molecular formula of C69H104026
Again, multiple esters bonds observed in the IR (vc__0 1754 cm 1) were reflected in the
1H NMR spectrum by 9 acetate methyl absorptions. Hence, the molecular formula of
the underivatized natural product 2 could be deduced as C51 H86017. The 13C NMR
spectrum for derivative 5 showed, in addition to absorptions for multiple acetate ester
bands between 6169 and 170, 2 other ester carbonyls and 10 olefinic carbon atoms
(Table 11.2). These functional groups account for 16° of the 18° of unsaturation
inherent in the molecular formula, and thus, derivative 28 contained two rings.
In close similarity to compound 26, derivative 28 showed nearly identical 1H
NMR bands and 1H-1H COSY connectivities (Figure II.11) for protons assigned to C-1
to C-3 of an unsymmetrical diacyl glycerol which contained at C-1 a 12(R*), 13(S*)-
diacetoxyeicosa-5(Z), 8(Z), 10(E), 14(Z), 17(Z)-pentaenoate substituent ( Figure 11.4,
II. and Table 11.2). However, in contrast to compound 26, derivative 28 had at C-2 of
glycerol a fully saturated acyl substituent. Its position was indicated by the observation
of hindered rotation about the bonds between C-1", C-2" and C-3" of this acyl group as
shown in the 1H NMR spectrum of 28 by the two C-2" protons appearing as a second
order ABX, pattern at 62.31 and 62.39 ( Figure Ili 1, Table 11.2). Apparently, the acyl
substituent at C-1 and digalactosyl substituent at C-3 of glycerol are large enough so as
to sterically crowd and hence, impede free rotation of some bonds in this intervening
acyl group. The 16-carbon chain length (palmitic acid) of this acyl substituent was
deduced by a) comparing the sum of all other partial structures with the molecular
formula, and h) observation of characteristic cleavages of this acyl substituent yielding
significant fragments at m/z 255 for CI6H3102 by negative ion FAB MS and at m/z
1093 for 1M C16H31021 by positive ion FAB MS (Figure 11.13).30
The remainder of the bands in the 1H NMR spectrum of 28 could be assigned to
two galactose residues. For both of these sugars, the entire spin system of each could
be mapped with 1H-1H COSY data ( Figure IL11), and a detailed coupling constant
analysis was used to assign their identity. The linkage between gal-1 and gal-2 was
deduced as 1,6 by a combination of 1H and 13C NMR chemical shift data and coupling
constant information (Table 11.2, Figure 11.12). The linkage between gal-1 and glycerol
was clearly 13 from the diagnostic H-1""-H-2"" coupling constant of 7.8 Hz. Proof that
this digalactosyl group was present at C-3 of glycerol came from the highly comparable
and distinctive chemical shifts for the C-3 carbon and protons with those found in
derivative 26 ( Table II 2). As for derivative 26, the sugar residues in 28 were
hydrolyzed with acid and, by optical rotary measurement, shown to be of the D
configuration. Thus, the complete structure of this DGDAG natural product was
determined as 1-0-112(R*),13(S*)-dihydroxy-eicosa-5(Z),8(Z),10(E),14(Z),17(Z)-
pentaenoy11-2-0-palmitoy1-3-0-1-16-D-galactopyranosy1-6,1 -a-D-galactopyranosy11-
glycerol (27).
Compound 30, laIp = + 52.3" (c = 0.81, Me0H), gave a strong UV
absorption at 306 nm. A molecular formula of C59H880,5 was generated by positive
ion HR FAB MS, and therefore, compound 30 possessed 16 degrees of unsaturation.
Eight of these could be easily assigned to 8 acetate carbonyl functionalities which were
readily observed by 1H NMR and 13C NMR analysis (Figure 11.14 and 11.15). Seven
of these eight acetates were localized to an acetylated digalactosyl substituent (see Table
11.3), which accounted for an additional two degrees of unsaturation.
The digalactosyldiacylglycerol nature of compound 30, including the sugar
linkages and relative stereochemistry, was revealed by comparison of 1H NMR and13C
NMR data with those of compounds 26 and 28. Further, in similarity to MS data31
obtained for compound 28, the positive ion FAB MS (Figure 11.16) of compound 30
showed key fragment ions at m/z 931 (lossof sn-1substituent, Ci4H1705) and m/z 941
(loss ofsn-2substituent, Ci6H3102) which indicated that palmitic acid was one of the
acyl substituents. The possibility that this was present as an iso oranteisoacid was
ruled out by observation of a single high field methyl group in the 1H NMR spectrum of
30.
Further, the 'H NMR spectrum of compound 30 showed that the second acyl
substituent contained an aldehyde at 69.57 which was connected to an alltranstriene by
1H-1H COSY and coupling constants analysis (Table 11.3). The last remaining
secondary acetate was positioned to the carboxyl side of this conjugated trienal.
However, due to overlap in the high field region of the 1H NMR for 30, it was not
possible to unequivocally determine the number of methylene groups between this
acetoxy functionality and the carboxylic ester. Hence, acid hydrolysis of compound 30
was carried out to give, following extraction, methylation and purification, this unusual
acyl substituent as a pure compound (31). The EI MS of the derivatized fragment gave
a molecular ion at m/z 252 indicating a formula of C14H2004. A methoxyl group could
now be placed adjacent to the triene functionality based on 1H NMR analysis. a fact
confirmed by a major fragment ion at m/z 151 resulting from cleavage of the C(4)-C(5)
bond. Apparently, the acetate ester was also removed by acid hydrolysis, and the
resulting allylic alcohol was sufficiently activated to be methylated with CH,N,. In this
isolated fragment, methylene groups at C(2), C(3) and C(4) could be confidently
assigned, and hence, defined 31 as methyl 5-methoxy-12-oxo-dodeca-6(E),8(E),10(E)-
trienoate.
In the 1H NMR spectrum of compound 30 in benzene-d6, thesn-2C(2)"
protons of the palmitoyl group appeared as a second order ABX, pattern (Figure 11.14).32
This is likely the result of sterically hindered rotation of the sn-2 acyl chain, as seen in
compound 28. Further, the aqueous fraction resulting from acid hydrolysis of
compound 30 contained only galactose as judged by TLC and showed a positive optical
rotation which indicated their D- configurations. Assembly of the above components
yielded the natural product structure as 1-0-15-hydroxy-12-oxo-dodeca-6(E),8(E),10(E)-
trienoy11-2-0-palmitoy1-3-0-1-13-D-galactopyranosyl-6,1-a-D-galactopyranosyll-
glycerol (29).
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That these oxidized galactolipids were in fact natural products of G.
lemaneiformis and not artificially produced during frozen storage or defrosting was
shown by placing live plants, immediately upon picking from the intertidal pools,
directly into a full vial of CHC11 /MeOH. This material was extracted over a two day
period and the recovered lipids analyzed by TLC, which showed the same assortment of
oxidized and non-oxidized galactolipids as obtained from the fresh-frozen material.
Gracilariopsis lemaneiformis produces an abundance of uniquely oxidized fatty
acid type natural products, some of which are esterified to glycerol which is also
glycosidically linked to either a mono- or di-galactose unit. These oxidized species
account for a substantial proportion of both the extractable lipids (>2%) and of the
isolated galactolipids (>10%). The occurrence of the free fatty acid diol 3 in G.
lemaneiformis is of additional interest since we have recently isolated this previously
unknown eicosanoid from another temperate red algae, Farlowia
Our work on the eicosanoids of red algae over the past several years suggests
that many red algae have the enzymatic capacity to stereospecifically oxidize
polyunsaturated fatty acids, principally at C-12. and accumulate such substances in
relatively large amounts 111-151. The structures of many of these compounds are
consistent with the operation of a 12-lipoxygenase type reaction acting on a normal 1,4
diene precursor. We have now isolated, in several cases, the identical eicosanoid
natural products from taxonomically divergent species of red algae (various 12-hydroxy
eicosanoids from Murravella periclados,
38,40Platvsiphonia miniata,39. 4i Farlowia
Cottoniella arcuata, Constantinea simplex 58 and Gracilariopsis
lemaneiformis I reported herein)). Furthermore, our findings of both MGDAG-and
DGDAG-type natural products (25, 27 and 29) in G. lemaneiformis are notable in that
these classes of chemicals have only recently been fully characterized (i.e.positional34
distribution of acyl groups) from macroscopic marine algae.7° Inherent in the structures
of these three galactolipids are examples of both the MGDAG and DGDAG structure
classes as well as examples of typical eukaryotic (25, C20 at C-1 and C-2) and
prokaryotic (27 and 29, C20 at C-1. C16 at C-2) fatty acid substitution patterns.
The structural feature present in three galactolipids which is of even greater
significance and consequence is the regio- and stereo-specific oxidations of the
polyunsaturated acyl substituents. To our knowledge, there are no other reports of
galactolipids which have specifically oxidized acyl substituents. Furthermore, there are
only a few naturally occurring glycerol based lipids of any sort which contain oxidized
acyl groups in the intact molecule, including phospholipid epoxides,76 triricinolein 77
and phospholipids and cerebrosides with C-2 77-79 or C-3 80 of the acyl chain oxidized.
In all but the phospholipid epoxides, the acyl groups become oxidized before
esterification to the glycerol backbone. Phospholipid epoxides are apparently formed by
non-regiospecific peroxidations on unsaturated components of biological membranes.76
In mammalian systems, release of polyunsaturated fatty acyl groups from glycerol
bound precursors precedes metabolic action by either the lipoxygenase or
cyclooxygenase biosynthetic manifolds,81 although exceptions to this have been found
for the lipoxygenase system.82-83 Lipoxygnease mediated reactions have been
implicated in the oxidative degradation of mitochondrial membranes during the
maturation of rabbit reticulocytes.82 Further, it has been conclusively demonstrated that
phospholipids with arachidonic or linoleic acid at C-2 are acceptable substrates for the
isolated lipoxygenase enzymes of either rabbit reticulocytes or soybeans.83
From a biogenetic perspective, the occurrence of oxidized fatty acid acyl groups
in MGDAG and DGDAG structure classes suggests the involvement of a novel
metabolism. Two likely possibilities exist: either 1) free EPA is acted upon byHO
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oxidase/lipoxygenase enzymes which is then exchanged for unoxidized acyl groups (eg
linoleic or palmitic acids) in a complete galactolipid or galactolipid precursor, or 2) an
oxidase/lipoxygenase system acts on EPA esterified to galactosylglycerol to introduce
oxygen at C-12 and C-13. The first hypothesis is less likely as the process of acyl
exchange in galactolipids has been shown not to occur to any substantial degree.67 The36
latter hypothesis is consistent with other features of galactolipid metabolism."
The acyl substituent at sn-1 in metabolite 29 is interesting because oxidized acyl
substituents are extremely rare in galactolipids and because the positions of oxygenation
and unsaturation in the chain suggest a unique biogenesis. Specifically, the aldehyde at
sn-1 C(12)' is likely generated by action of hydroperoxide lyase 84-85 on a 12-
lipoxygenase introduced hydroperoxide 86-87 in a 20 carbon polyunsaturated fatty acid
substituent (either arachidonoyl or eicosapentaenoyl 46).Oxidation at C(5)' may be
arising through separate action of an unknown 5-lipoxygenase ( II 1).It is interesting to
note, in analogy to the biosynthesis which we have recently shown for free 12(R),
13(S)-(lihydroxy-5(Z), 8(Z), 11(E), 14(Z)-eicosatetraenoic acid in this same alga 87,
that compound 27, which contains the analog of this unusual acyl substituent 46 as a
component, likely also arise through a 12-hydroperoxide intermediate. Consequently,
this hypothesis predicts that natural products 27 and 29 could both be metabolites of a
common intermediate ( Figure 11.5).
Our findings that G. lemaneifi)rmis MGDAG and DGDAG metabolites contain
specifically oxidized acyl groups provide some insight into the possible functional role
of both MGDAG/DGDG and eicosanoid-type natural products in plants. Since
galactolipids in higher plants are localized to chloroplast membranes and are significant
components of these membranes in the few algae studied todate,` I speculate that
eicosanoid production in G. lemaneiformis may also be localized to these organelles.
Furthermore, it may be more than coincidental that photosynthesis produces reactive
oxygen species while eicosanoid biosynthesis potentially utilizes these same molecular
species. It is possible that these two processes are biosynthetically coupled in this, and
perhaps other, plants. In this regard, the hypothesis that the functional role of
MGDAG/DGDAG is to scavenge reactive oxygen species in the chloroplast is consistent37
with our findings. However, I view this as unlikely, at least as a principle role. The
acyl group oxidations I report herein for compounds 25, 27 and 29 result from a
specific and multi-enzyme sequence in which considerable regio- and stereo-chemical
control over the process is exerted. It is unlikely that a scavenging role would require
such a sophisticated biochemical elaboration.
Based on our findings, I speculate that one possible role of MGDAG/DGDAG
species, in at least this plant, is to serve as a source of polyunsaturated fatty acids for the
synthesis of specifically oxidized eicosanoids. Further, since these oxidized polar lipid
species are relatively abundant (>2% of the extractable lipids, >10% of the galactolipids
present), the MGDAG/DGDAG molecular species may represent a storage form of these
eicosanoids. Following release, the eicosanoids probably have a regulatory role in
some element of the alga's physiology, a hypothesis under current examination.38
11-3. NOVEL PYRROLES FROM THE MARINE RED ALGA
GRACILARIOPSIS LEMANEIFORMIS
Introduction
Marine algae are not very rich in alkaloids. Other than tetrapyrrole pigments,
pyrrole-containing natural products have only rarely been encountered in the marine
environment.1-10
From a number of red marine bacteria, an antimicrobial cyclic prodigiosin (32)
has been isolated.88 The marine bacterium Pseudomonas bromoutilis gave an unusual
pentabromopyrrole compound (33) which seems to have widespread ecological
significance as an antimicrobial agent.89-90It was later also isolated as the major
metabolite of yellow and off-white strains of Chromobaaer and may be responsible for
the autotoxicity of Chromobacterium mannum. Oroidin (34) is a major metabolite,
bearing bromopyrrole and guanidine functionalities, from several species of sponge
Agelas 91-92 and is the basis of the 'oroidin' group of metabolites. Among them the
structurally interesting antimicrobial agent,sceptrin (35), was from Agelas seeptrum
and the structure was determined by X-ray diffraction analysis to be a dimer of
monobromooroidin.93 Keramadine (36) is a methyl guanidine-containing compound
from an unidentified species of Agelas and is an antagonist of serotonergic receptors.94
The sponge Laxosuberaes sp. has produced a series of six 5-alkyl-pyrrole-2-
carbaldehyde (37-42) which differ from each other in the length of the alkyl chain, the
unsaturation pattern and the nitrile substitution.95
In this section of the chapter, I define the structures of two pyrrole compounds
from the Oregon red alga, G. lemaneiformis,despite their low yield fromN H
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the alga. These were encountered during a study of the rich diversity of eicosanoid
natural products obtainable from this seaweed. Furthermore, pyrrole natural products
43 and 45, while of fairly simple overall structure, posed some interesting problems in
structure elucidation and are among only a few examples of N-alkylated pyrroles in
nature.
96-9840
Results and discussion
A mid-summer collection of the Oregon red alga G. lernaneiformis has been the
subject of intensive investigation for its eicosanoid type natural products (45). In the
process of isolating these unstable hydroxy acids, a series of fractions were derivatized
with Ac.,0/pyr and CH,,N. Following additional chromatography, a mid-polarity
fraction contained a mixture of UV active materials which by NMR analysis were not of
eicosanoid origin, but rather, contained low field bands indicative of a heteroaromatic
structure. Following additional HPLC separation, two acetate containing pyrroles (44,
0.03% and 46, 0.02%) were isolated as very minor components of the lipid extract.
While it is highly likely that these acetate groups originate from the derivatization
procedure, the possibility of their natural occurence can not be unequivocally ruled out.
Derivative 44, [4, = (c = 0.29, Me0H), possessed multiple carbonyls
(uc_o = 1737.3, 1664.2 cm"'), one of which was in conjugation with a pyrrole by UV
analysis (max = 286 nm). EIMS of derivative 44 gave a M+ at m/z 267, which in
combination with 13C and 1H NMR data, provided a molecular formula of Ci3H17N05.
Five of the six degrees of unsaturation inherent in this formula were accounted for by
13C NMR as one conjugated carbonyl, two ester carbonyls, and four olefinic carbons.
Hence, derivative 2 contained a single ring. The nature of this ring was evident from
'H NMR analysis in which three aromatic protons were observed which were mutually
coupled by small coupling constants typical of pyrrole rings. Confirmation of the
proximate distribution of these three protons was shown by nuclear Overhauser effect
difference spectroscopy (NOEDS) in which positive enhancements were observed
between each of these protons. Measurement ofJic_H (Table 11.4) allowed unequivocal
positioning of this spin system relative to the pyrrole nitrogen.41
Table 11.4.11-1 and 13C NMR Data for Derivatives 44 and 46a
C# Derivative 44 Derivative 46
2
3
4
5
l'a
l'b
H NMR
6.98 dd, 4.3.1.6
6.17 dd. 4.1,2.5
6.90 d, 2.0
4.74 dd, 4.1,3.0
4.14 dd. 14.1.8.6
1/C NMR 1H NMR
7.01 dd, 4.3.1.6
6.19 dd, 4.1,2.5
6.92 d, 2.0
4.57t, 5.3
13C NMR
126.98
119.30 (.1cH=174.7 Hz)
108.84 (Jell=174.5 Hz)
131.60 (JcH=193.8 Hz)
53.44 (JcH=143.6 Hz)
127.00
119.43
109.10
131.66
48.43
2' 5.19 m 70.23 (104=152.3 Hz)4.35t, 5.3 63.69
3' 1.25 d. 6.4 17.36 (.1cH=125.6 Hz)
1" 182.77 182.67
2"a 5.22 d, 15.7 65.23 (JcH=147.0 Hz)5.15 s 65.24
2"b 5.07 d. 5.7
acetates
2.22s 20.64 2.22 s 20.61
1.94 s 21.00 2.01s 20.76
170.52 170.62
169.99 170.52
'All 1H nmr spectra recorded at 300 MHz and 13C nmr spectra at 75 MHz in CDCl3 with internal TMS
as a chemical shift reference.
Location of the carbonyl in 44 followed from consideration of UV, IR and 13C
NMR data in comparison with model compounds.99 Further, observation of NOE
between the pyrrole C-3 proton and a deshielded methylene at C-2" helped to define the
nature of this two carbon side chain as well as confirmed its location at C-2 of the
pyrrole. Furthermore, by 1H and 13C NMR chemical shift arguments (Table 11.4), an
acetate functionality could be placed on this methylene (C-2"). By 1H-1H COSY (Figure
11.17) another spin system was defined which consisted of a propanol unit with an42
acetate functionality at C-2'. This three carbon unit was logically attached to the pyrrole
nitrogen by virtue of a 653.44 shift at C- I'. Hence, the structure of derivative 44 was
defined as N-(2-acetoxypropy1)-2-(2-acetoxyacety1)-pyrrole. Additional structural
confirmation of derivative 44 came from an analysis of its EIMS fragmentation pattern
(Figure 11.8).
The spectroscopic data (Table 11.4 and experimental) for the diacetate derivative
46 were highly comparable to that obtained for derivative 44. The feature most notably
absent in the I H NMR spectrum for derivative 46 was the doublet methyl group (C-3').
This was replaced by an additional proton attached to C-2' to form a 2H triplet at
64.35, and hence, derivative 46, N-( 2- acetoxyethyl )- 2- (2- acetoxyacetyl)- pyrrole, was
different from 2 in that it contained a two carbon rather than three carbon substituent on
the pyrrole nitrogen. Interestingly, the change in the size of the substituent at this
location in 46 results in reduced anisotropy of the C-2" protons (two doublets in 44, a
sharp singlet in 46). The EIMS fragmentation pattern for derivative 46 was highly
analogous to that obtained for derivative 44 (see experimental).
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The linear and oxidized nature of the six carbon chain (C-5 to C-2. C-1", C-2")
in these metabolites is suggestive of an ultimate biosynthetic origin in sugar (hexose)
metabolism, reminiscent to that of the recently described marine fungal metabolite,
leptosphaerin (47).100Further, natural products 43 and 45 are members of a rare
group of pyrroles in nature with N-alkyl substituents. The biosynthetic origin of these
N-substituents likely involves products of intermediary metabolism. Unfortunately, the
extremely small quantities isolated of these two metabolites have precluded their
adequate biological evaluation.
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Figure 11.8Proposed Mass Spectral Fragmentation pattern of Pyrrole Derivative 44.44
EXPERIMENTAL
General. Ultraviolet spectra were recorded on an Aminco DW-2a UV-vis
spectrophotometer and infrared spectra on a Nicolet 5 DXB FT 15 spectrophotometer.
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AM 400 NMR
spectrometer and all chemical shifts are reported relative to an internal TMS standard.
Mass spectra were obtained on a Kratos MS 50 TC. High performance liquid
chromatography (HPLC) was performed with Waters M-6000 and M-45 pumps, U6K
injectors, and either a R401 differential refractometer or a Waters Lambda-Max 480 LC
spectrophotometer. Thin layer chromatography used Merck aluminum-backed TLC
sheets (silica gel 60 F254) and Baker Si-C18F sheets. All solvents were distilled from
glass prior to use.
Collection and extraction. Gracilariopsis lemaneiformis was collected from
exposed intertidal pools at Cape Perpetua on the Oregon coast on 17 May, 1988. A
preserved specimen of this alga has been deposited in the herbarium at the Department
of Botany, University of California, Berkeley. The seaweed was immediately frozen
with CO (s) and stored frozen until extraction. The freshly defrosted alga (350 g dry
weight) was homogenized in CHC13/Me0H (2/1, v/v), steeped for 0.5 h, and then
filtered. The solvents were removed in vacuo to give 3.15 g of dark green oil. Another
collection made on 1 July, 1988 was extracted in the same manner and yielded 13 grams
of a dark oil.
Isolation of oxylipins. The crude organic extract (10 g) from the collection
on 1 July 1988 was acetylated overnight at room temperaturewith excess acetic
anhydride in pyridine (1/1, v/v). Pyridine and excess acetic anhydride were removed in
vacua and the acetylated material was fractionated bysilica gel chromatography in the45
vacuum mode using a gradient of EtOAc in isooctane. The materials eluting with 20
30% EtOAc in isooctane were methylated by treatment with excess CH2N2 in Et,O.
The methylated products were fractionated by vacuum chromatography in the same
solvent system and those fractions eluting with 6% 25% EtOAc in isooctane were
further purified with HPLC to give derivatives 6-24.
Methyl 12(S*)-acetoxy-5(Z),8(4,10(E),14(Z)-eicosatetraenoute (6). Of an
estimated 1 mg of derivative 6 in the methylated and acetylated extract (0.01%), 0.3 mg
were isolated.H NMR and 13C NMR (benzene-d6) identical to those previously
reported.39
Methyl 12( S)-acetoxy-.5(Z),8(Z),10(E),14(Z),17(Z)-eicosupentaenoate (8). Of
an estimated 20 mg of derivative 8 in the methylated and acetylated extract (0.2%),
10.7 mg were isolated. [alp = -5.0`) (MeOH, c = 0.26); 1H NMR and LR EIMS
spectra identical to those previouslyreported.4°
Methyl 12(e),13(S*)-diacetoxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoate ( 10).
Derivative 10 accounted for an estimated 1% of the lipid extract and its 1H NMR
spectrum was identical to that previouslyreported.45
Methyl 12(R),13(S)-diacetoxy-5(Z),8(Z),10(E),14(Z),17(Z)-eicosapentaenoate
(12). Derivative 12 accounted for an estimated 2% of the lipid extract and showed the
following: = +12.61' (CC14, c = 0.22);[a[1= +22.5') (MeOH, c = 0.18);1H
NMR identical to that previously reported.45
Methyl 10(S*)-acetoxy-6(Z),8(E),12(Z),15(Z)-octculecatetraenoate (14). A total
of 5.9 mg of derivative 14 were isolated of an estimated 10 mg present (0.1%) which
showed the following: a= -7.1(Me0H, c = 0.45); UV (MeOH) Xinax =236 nm
(c= 1.9x104); IR v(CCI3) 3020, 2980, 2890, 1740, 1560, 1237, 1007, 1059, 983
cm;El MS (relative intensity) tn/z. 288 (13%, M*-HOAc), 280 (8%), 239 (10%), 20846
(13%), 197 (47%), 179 (96%). 165 (100%), 147 (67%), 119 (55%), 81 (48%), 67
(53%), 43 (93%);1HNMR and 13C NMR data in Table II.1.
Methyl 13(S' )-acetoxy-9(4,11 (E)-ocradecadienoate (16). A total of 11.3 mg
of derivative 16 were isolated of an estimated 20 mg present (0.2%) which showed the
following: I alp = -6.8° (MeOH, c = 0.87); UV (MeOH) Xmax = 232 nm. c =
2.0x104; 1 H NMR (benzene-d6): 66.77 (I H, dd, J = 14.3, 11.1 Hz), 6.05 (1H, dd, J =
11.1, 11.1 Hz), 5.58-5.43 (3H, m), 3.37 (3H, s), 2.10 (4H, m), 1.72 (3H, s), 1.65
(IH, m), 1.55 (3H, m), 1.35-1.05 (14H, m), 0.84 (3H, s);13C NMR (benzene-d6):
6173.32, 169.53, 133.75, 131.89, 128.58, 128.20, 74.69, 50.89, 34.95, 34.06,
31.89, 29.75, 29.39, 29.31, 29.21, 28.01, 25.27, 25.20, 22.86, 20.88, 14.18. These
data are highly comparable to those previously reported.86
Methyl 12-acetoxy-5(Z),8(E),10(E)-dodecatrienoate (18). A total of 2.3 mg of
derivative 18 were isolated of an estimated 5 mg present (0.05%) which showed the
following: UV (MeOH) Xmax = 232 nm (c = 1.9x104); IR v(CC14): 3016. 2977,
2950, 1742, 1438. 1378, 1233, 1120, 1023, 990 cm I;EI MS (relative intensity) mk
224 (3%, M+-42), 206 (100%, M+-60), 175 (15%), 157 (5%), 132 (30%), 117 (28%);
1HNMR and 13C NMR data in Table II.1.
Methyl 13-keto-9(Z),11(E)-octadecadienoate (20). A total of 1.1 mg of
derivative 20 were isolated of an estimated 2 mg present (0.02%) which showed the
following: UV (MeOH) Xmax = 280 nm(c = 2.0x104); 1H NMR (benzene-d6): 67.70
(1H, ddd, J = 15.3, 11.6, 1.0 Hz), 6.05 ( I H, d, J = 15.3 Hz), 5.98 (1H, dd, J = 11.6.
11.6 Hz), 5.60 (1H, m), 3.36 (3H, s), 2.26 (2H, t, J = 7.3 Hz), 2.10 (2H, t, J = 7.4
Hz), 2.00 (2H, q, J = 8.3 Hz), 1.62 (2H, p, J = 7.3 Hz), 1.52 (2H, p, J = 7.4 Hz),
1.20-1.10 (12H, m), 0.83 (3H, t, J = 6.8 Hz); 13C NMR (benzene-d6): 6198.81,
141.71, 136.05. 129.92, 127.43, 50.89, 41.58. 34.03, 31.77, 29.48, 29.30, 29.23,47
29.09, 28.30. 25.16, 24.15, 22.83, 14.10. Natural product 19 was previously
resulting from the action of lipoxidase on linoleic acid.I55
Methyl 13(S*)-acetoxy-9(Z),11(E),15(Z)-octadecatrienoate (22). A total of 3.4
mg of derivative 22 were isolated of an estimated 7 mg present (0.07%) which showed
the following:I alp = -8.4 (MeOH, c = 0.26); UV (MeOH) Amax = 236 nm (c =
2.7x104); 1H NMR (benzene-d6) 66.74 (1H, ddd, J = 14.3, 11.0, 1.0 Hz), 6.02 (1H,
dd, J = 11.0, 11.0 Hz), 5.64-5.60 (2H, m), 5.45-5.40 (3H, m), 3.36 (3H, s), 2.35-
2.44 (2H, m), 2.10-2.05 (4H, m), 1.96 (2H, p, J = 7.5 Hz), 1.70 (3H, s), 1.53 (2H,
p, J = 7.2 Hz), 1.30-1.10 (8H, m), 0.87 (3H, t, J = 7.5 Hz);13C NMR (benzene-d6)
6172.97, 169.08, 134.28, 133.50, 130.93, 128.42, 127.78, 123.28, 73.88, 50.54,
33.71, 32.44, 29.39, 29.03, 28.95, 28.86, 27.65, 24.84, 20.65, 20.47, 14.91. These
data are highly comparable to those previously reported.86
Methyl 12(R*),13(S*)-diacetoxy-18-keto-5(Z),8(Z),10(E),14(Z),16(E)-
eicosapentaenoate (24). A total of 1.6 mg of derivative 24 were isolated of an
estimated 3 mg originally present (0.03%) which showed the following: la0 = -2.4
(MeOH, c = 0.12); UV (MeOH) Amax = 236 nm (c = 2.3x104), Amax267 nm (c =
1.8x104); IR v(CC14): 3015, 2953, 2935, 2859. 1744, 1675, 1370. 1237, 1167,
1027, 994, 962 cm I; EI MS (relative intensity) m/z 308 (1%), 290 (10%), 281 (28%),
259 (7%), 239 (100%), 221 (16%), 207 (83%), 189 (8%), 171 (11%), 147 (18%), 93
(24%), 79 (30%); 1H NMR and 13C NMR data in Table 11.1.
Isolation of galactolipids. The crude organic extract from 17 May, 1988
was acetylated overnight at room temp. with excess acetic anhydride in pyridine (1/1,
v/v). The pyridine and excess acetic anhydride were removed in vacuo to yield ca. 3.5
gms which were then fractionated by silica gel chromatography in the vacuum mode73
using a gradient of EtOAc in isooctane. The materials which eluted from vacuum48
chromatography of the acetylated crude extract with 30% EtOAc /isooctane were further
purified over normal phase HPLC Alltech RSIL 10p, 50cm x 10mm, EtOAc /isooctane
(1:1)1 and reverse phase HPLC (Lichrosorb RP-18 7p, 25cm x 10mm, 95%
Me0H/H2O) to give first derivative 26 (7.2 mg) and then derivative 28 (25.6 mg), both
as colorless oils. The materials eluting with EtOAc /isooctane (1:1,v/v)from the first
vacuum chromatography were further purified by normal phase highperformance liquid
chromatography (HPLC) IAlltech RSIL 10, 50 cm x 10 mm, EtOAc /isooctane (1:1.
v/v)I and reverse phase HPLC ( Lichrosorb RP-18 74, 25 cm x 10 mm, Me0H/H,0
(9: 1,v/v) I to give 5.5 mg of compound 30. Related chromatography fractions
contained additional quantities of derivatives 26, 28 and 30, as well as of other
uncharacterized galactolipids with oxidized acyl chains, such that we estimate the total
yield of oxidized galactolipids at >2% of the extractable lipids. From a subsequent
collection (1 July 1988), extraction and chromatography of G. lemaneiformis, we
estimate galactolipids to account for ca. 18% of the lipids of which >10% contain
oxidized acyl chains.
Another collection of this alga from Cape Perpetua and the Newport Harbor
South Jetty on 16 September 1989 was placed directly in a full vial of CHC13/Me0H at
the time of collection. It was extracted as detailed above and the resultant green oil
spotted on a silica gel plate with an adjacent lane spotted with the oil obtained from the
above fresh frozen material. The galactolipid Rf region from both using two solvent
systems Me0H/CHC13/AcOH (10:90:0.5) and CHC13/Me0H/H2O/AcOH (65:35:10:1,
lower layer) I was nearly identical.
Derivative 26. Derivative 26 was a colorless oil which was unstable in air at
room temperature but stable when stored in Et,0 under N2, andshowed the following:
laIp=+16.7° (acetone, c = 0.48); UV (MeOH) Amax = 240 nm(e = 51,800); IR49
v(C04) 2930-2940, 1749, 1723, 1712, 1688, 1607. 1033 cm; LR FAB MS (pos.
ion) m/z = 984. 893, 876, 805, 685, 331; HR FAB MS (neg. ion) obs. IM-H+ m/z =
1221.58449 (C65H89022, 0.0 mamu dev.); for 1H and 13C NMR data see Table 11.2.
Derivative 28. The peracetate derivative 28 was a colorless oil which showed
the following: =+46° (MeOH, c= 0.27); UV (MeOH) Amax = 236 nm (E =
24,000); IR v(CC14) 2928, 2854, 1754, 1370, 1223, 1158, 1140, 1068, 1024 cm-1;
LR FAB MS (pos. ion, 3-nitrobenzylalcohol) obs. HOAc, OAcI m/z 1229 (2%),
1093 (0.6%), 931 (6%), 331 (100%), 313(4%), 289 (5 %), 229 (8%), 169(56%); LR
FAB MS (neg. ion, triethanolamine) obs. m/z 1348 (1%), 1306 (1%),446 (15%),
329 (24%), 297 (100%), 255 (28%), 208(19%), 192 (37%), 175 (58%),150 (100%),
148 (100%), 130 (23%); HR FAB MS (neg. ion) 1348.69577 (C69H104026, 14.2
mamu dev.); for 114 and 13C NMR data see Table 11.2.
Derivative 30. A colorless oil, [43 = + 52.3', (c = 0.81, MeOH); UV
(MeOH) ?max = 306 nm (E = 4.9 x 104); IR v(neat): 3024.5, 3021.7, 2924.2,
2853.2. 1746.1, 1678.5, 1370.2, 1222.8, 1158.2, 1059.7, 1021.7, 665.0 cm 1; FAB
MS (positive ion) m/z(rel. intensity) 1196 (M+,0.5),1137(M±- AcO, 4.6), 931 (6.7),
619 (4.6), 561 (2.7), 501 (2.0), 411 (1.2), 331(100),289(8.6), 229 (8.6); High
resolution FAB MS (positive ion) obs. 1196.56050 (C59H88025, 0.92 mmu dev.); 1H
NMR (benzene-d6, 400 MHz) 69.40 (1H, d, J = 7.8 Hz), 6.48 (1H, ddd, J = 3.5,
11.3, 14.8 Hz), 6.19 (1H, m), 6.13 (1H, m), 6.02 (1H, dd, J = 7.9, 15.4 Hz), 5.8
(3H, m), 5.7 (3H, m), 5.5 (2H, m), 5.4 (1H, m), 5.2 (2H, m), 4.57 (1H, dd, .1 = 2.6,
12.2 Hz), 4.4 (3H, m), 4.3 (2H, m), 4.1 (1H, m), 3.83 (1H, dd, 1H, J = 6.5, 10.1
Hz), 3.70 (1H, dd, J = 5.8, 10.8 Hz), 3.40 (1H,= 5.9 Hz), 3.24 (1H, dd, J = 5.3.
10.2 Hz), 2.40 (1H, m), 2.32 (1H, m), 2.21 (2H, t. J = 6.9 Hz), 2.01 (3H, s), 1.97
(3H, s), 1.83 (3H, s), 1.81 (3H, s), 1.80 (3H, s), 1.77 (3H, s), 1.7 (4H. m), 1.6750
(3H, s), 1.62 (3H, s), 1.3-1.5 (26H, m), 0.97 (3H. t, J = 6.9 Hz); for IN and13C
NMR data in CDC13see Table 11.3.
Acid Hydrolysis of Derivative 26. Derivative 26 (8 mg obtained from other
chromatography fraction) in 5 ml of 2% methanolic sulfuric acid was refluxed for 3 h
and then 4 ml of water were added. The Me0H was removed in vacuo and the H2O
solution was extracted 2x with CHC13 and then neutralized with Ba(OH),,. Precipatated
BaSO4 was filtered through Celite, the water was removed in vacuo, and the residue
dissolved in 1 ml of water which showed a positive rotation (a = + 0.011 , c = 0.14,
12% sugar yield). TLC (50% Me0H/Et0Ac) showed a single major spot which was
identical to that obtained for a D-galactose standard. This was confirmed by 400 MHz
NMR analysis of this residue and an authentic sample of galactose subjected to the
same hydrolysis and workup conditions.
Acid Hydrolysis of Derivative 28. Derivative 28 (ca. 10 mg) was hydrolyzed
in the same manner given above for the hydrolysis of derivative 26 to yield a solution
containing only galactose by TLC and which showed a positive optical rotation (a = +
0.106, c = 0.13, 25% sugar yield).
Acid Hydrolysis of Compound 30. Compound 30 (7 mg, partially obtained
from a subsequent recollection of the alga) was dissolved in 2 mL of Me0H and 1 mL
of 6% H2SO4 and refluxed for 3 hr. The mixture was diluted with 2 ml of H2O, Me0H
was removed in vacuo, and the residue was extracted with CH2C12(3 x 1 ml). The
extract was treated with CH2N2 in diethyl ether (30 min, RT) and then separated by
preparative TLC (Et0Ac/hexane, 1:1, v/v) to give compound 31 as a colorless oil (0.8
mg, 55% yield); UV (MeOH) Xmax = 310 nm (c =2.1 x 104); 1 H NMR (CDC13):
69.58 (1H, d, 8.0 Hz), 7.14 (1H, dd, 15.3, 11.1 Hz), 6.68 (1H, dd ,14.8, 10.8 Hz),
6.45 (1H, dd, 14.9, 11.1 Hz), 6.34 (1H, dd, 15.3, 10.8 Hz), 6.18 (1H, dd, 15.3, 8.151
Hz), 5.84 (I H, dd, 15.8. 8.1 Hz), 3.67 (3H. s), 3.65 (1H, m), 3.29 (3H, s), 2.34
(2H, t, 7.1 Hz), 1.55-1.75 (4H, m); El-MS (rel. intensity) obsm/z 252 (40.7),
184 (9.5), 151 (32.8), 145 (10.1), 129 (16.7), 110 (16.6), 105 (13.3), 91 (68.4), 85
(19.5). The aqueous solution after CH2Cl2 extraction was neutralized with Ba(OH)2.
Precipitated BaSO4 was removed by centrifugation, and the H2O was concentrated in
vacuo to a volume of 1 mL. The solution showed a positive optical rotation ( a = +
0.055, c = 0.69, 33% sugar yield). Paper chromatography (H20/butanol/HOAc, 5:4:1,
v/v/v) of the residue gave a band which matched a galactose standard after being made
visible with aniline phthalate.
Isolation of pyrroles. The crude organic extract (10 g) from the collection
on 1July 1988 was acetylated overnight at room temperature with excess acetic
anhydride in pyridine (1/1, v/v). Pyridine and excess acetic anhydride were removed in
vacuo and the acetylated material was fractionated by silica gel chromatography in the
vacuum mode using a gradient of EtOAc in isooctane. The materials eluting with30%
EtOAdisooctane were further purified on normal phase HPLC (50 cm x 10 mm of RSi1
10p, 30% EtOAc /isooctane), and then 44 was additionally chromatographed over
reverse phase (25 cm x 10 mm 7µ LiChrosorb RP-18, 80% Me0H/H20) while 46 was
subjected to final purification over reverse phase (25 cm x 10 mm 7µ LiChrosorb RP-
18, 70% Me0H/H20 and then 50% Me0H/H20).
N-(2-acetarypropy1)-2-(2-acetoxyacetyl)-pyrrole (44). Derivative 44 was
isolated as a colorless oil (2.9 mg, 0.03%); I al-1;3 = -47.2`), (c = 0.29, Me0H); lr eims
(% relative intensity) obs. M+ m/z 267 (18), 207 (5), 152 (100), 134 (21), 108 (12), 94
(13); UV (MeOH) Au. = 286 nm (c = 5.3 x 103), Xmax = 206 (c = 1.8 x 103); IR
v(neat): 2938.8, 1737.3, 1664.2, 1406.0. 1370.6, 1225.1, 1038.0, 946.7 cmI;Ili
and 13C NMR data in Table 11.4.52
N-(2-acetoxyerhyl)-2-(2-acetaryacetv1)-pyrrole (46). Derivative 46 was
isolated as a colorless oil (2.0 mg, 0.02%); Ir eims (% relative intensity) obs.
253 (72), 193 (17), 180 (8), 138 (100), 120 (39), 94 (50); UV (MeOH) ?max = 286 nm
(c = 9.1 x 103), Xmax = 209 (c = 2.5 x 103); IR v(neat): 2950, 1743.9, 1668.6,
1408.2, 1373.5, 1321.4, 1226.9, 1037.8, 943.3, 748.5 cm 1; 1H and 13C NMR data
in Table 11.4.I.B 3.5 3.0 2.5 2II 1.5 1.11
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CHAPTER III. NOVEL EICOSANOIDS FROM THE TEMPERATE RED ALGA
POLYNEURA LATISSIMA
ABSTRACT
The eicosanoid chemistry of the temperate red alga Polvneura latissitna has been
studied. Five oxygenated eicosanoids were deduced by spectroscopic methods and
chemical degradation as 9(S)-hydroxy-5(Z), 7(E), 11(Z), 14(Z)- eicosatetraenoic acid
(1),8-I l'(Z), 3'(Z), 6'(Z)-dodecatrienyloxy I-5(Z), 7(E)-octadienoic acid (3), 7(S*)-
hydroxy-8(S*),9(S4)-epoxy-5(Z), 11(Z), 14(Z)-eicosatrienoic acid (5), 7(R*)-hydroxy-
8(S*), 9(S*)- epoxy-5(Z), 11(Z), 14(Z)-eicosatrienoic acid (7) and 9, 15-dihydroxy-
5(Z), 7(E), 11(Z), 13(E)-eicosatetraenoic acid (9). Molecules 3, 5 and 7 are new
natural products while compounds I and 9 were detected previously in an incubation
experiment of potato tuber lipoxygenase with arachidonic acid. Finding these
eicosanoids in P. latissima may indicate that this alga contains a 9-lipoxygenase system
capable of transforming arachidonic acid.63
INTRODUCTION
It is well established that in mammalian tissues, arachidonic acid can be
oxygenated at different positions by various lipoxygenases which leads to different
HETEs, hepoxilins and leukotrienes. Several marine plants have yielded a number of
oxygenated eicosanoids that are identical to mammalianmetabolites.35'
40The
majority of eicosanoids reported from marine plants to date are probable products of 12-
lipoxygenase activity.For example, 12-HETE and hepoxilins from Murravella
periclados, hybridalactone (12) from Laurencia hvhrida and constanolactones (13-14)
from Constantinea simplex. There are several literatures reporting the detection of
01-102
9-
HE IL, as a minor component from either mammalian tissues
( or incubation of
potato tuber lipoxygenase with arachidonicacid.1°3
The red alga Polvneura latissima is widely distributed along the Pacific coast of
North America from Alaska to Mexico in the lower intertidal and subtidal zones to a
depth of 10-20 meters. The first collection of this plant made on the California coast in
1989 yielded a small amount of extract. The initial analysis of its crude extract indicated
that this red alga contained eicosanoids somewhat different from those previously
isolated from marine plants. Therefore, I was encouraged to study its chemistry. The
promising fractions produced by initial chromatography were treated with diazomethane
and then further purified by additional column chromatography and HPLC to provide
final products as methyl ester derivatives.
The first collection of P. latissima provided compounds 2, 6, 8 and 10 as well
as a very small amount of compound 4. The secondcollection, made from the
Washington coast, provided us an additional amount (7.1 mg) of compound 4 that
enabled us to finish the structural elucidation. Among the eicosanoids. compounds 4.64
6 and 8 are the methyl esters of the new natural products 3, 5 and 7. For the isolation
procedure, see Figure III.1 below.
Polyneura latissima
(370 mg)
Vacuum chromatography
18% 15% 30% 50% 100% EtOAc
EtOAc/hexanesEtOAc/hexanesEtOAc/hexanesEtOAc/hexanes100% Me0H
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14 5 6 7 89
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2. HPLC
Compound 4
1- 4%
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Figure 111.1. Isolation Scheme for Oxylipins from P. latissinza.65
RESULTS AND DISCUSSION
Compound 2 was the most abundant eicosanoid metabolite of P. larissima and
showed la I p = +11.1° (c = 0.56. Me0H). Its 1H NMR spectrum appeared extremely
similar to that of methyl 12-HETE. The only difference was the shape of multiproton
signals between 65.4 to 65.5.58 The HETE nature of this compound was clearly
visible by the COSY spectrum (Figure 111.4) in which the olefinic proton at 65.71 of the
cis-trans conjugated diene (10.9 and 15.2 Hz coupling) was spin-coupled with a proton
at 64.22 geminal to a hydroxyl group. Nevertheless, the position of the hydroxyl group
in the compound was not clear from the COSY spectrum because of the overlapping
signals between 65.4 to 65.5. The TMSi-ether MS spectrum of compound 2 yielded
the [Mr m/z 406 and crucial fragments at m/z 255 and 151 (see Figure 111.5) which
placed the hydroxyl group at C-9. By analysis of 1H-1H coupling constants and 13C
chemical shifts, compound 2 was identified as methyl 9-hydroxy-5(Z), 7(E), 11(Z),
14(Z)-eicosatetraenoate. Previously, 9-HETE has been observed from the human
psoriatic skin 101 and was recently synthesized.1°4-1°5 The stereochemistry of
compound 2 was determined by GC-MS analysis of ozone degradation products of the
diastereotopic menthyl formyl derivative. The result showed that compound 2 was a
93% (S) and 7% (R) enantiomeric mixture (see experimental).
Compound 4 was a colorless oil and had UV absorption at 268 nm and 206 nm.
HR ELMS gave its molecular formula as C,1H3203 in which 6`) of unsaturation could be
easily assigned by the 13C NMR spectrum to one carboxylic group and five double
bonds. By COSY and HETCOR spectra (Figures 111.6 and 111.7), two highly polarized
double bonds (6106.61 with 6147.91 and 6105.54 with 6142.10) were shown to
belong to two separate spin systems (Figure 111.6), one consisting of 12 carbon atoms66
(see Figure 111.2, compound 4, positions I'12') and the other of 7 carbon atoms
(positions 28). In addition to the carboxylic methoxy group observed in the 1H and
13C NMR spectra (see Table 111.1), the partial structures given above represented all of
the atoms in the molecule except for one oxygen atom. Thus, the element connecting
the two spin systems must be the remaining oxygen atom. Furthermore, the coupling
constants 11.7 Hz and 6.1 Hz for the two pairs of olefinic protons on the two polarized
double bonds were diagnostic for their stereochemistry (C-8 and C-1'). The model
vinyl ether compounds, such as ethyl propenyl ether 1°6 and colneleic acid (11),1°7
exhibit the typical coupling constant of 6-7 Hz between cis olefinic proton and 11-12 Hz
between a trans double bond. The combination of data above allowed the structure for
compound 4 to be methyl 8 -I 1'(Z), 3'(Z), 6'(Z)-dodecatrienyloxy I-5(Z), 7(E)-
octadienoate. This is a new compound and the natural product, 8-f l'(Z), 3'(Z), 6'(Z)-
dodecatrienyloxy I-5(Z), 7(E)-octadienoic acid (3), is named polyneuric acid.
In 1970's, Galliard reported the discovery of the unusual divinyl ethers colneleic
acid and colnelenic acid from potato tubers.1°7-109 Later, Corey synthesized colneleic
acid and found that this molecule was an effective inhibitor of potato lipoxygenase.11°
Recently, Fahlstadius and Hamberg described that colneleic acid was enzymatically
converted from the precursor 9(S)- hydroperoxy octadecadienoic acid by the
stereospecific removal of the pro-R hydrogen at C-8."1 Our polyneuric acid (3) is
structurally similar to colneleic acid and colnelenic acid but differs in the geometry of
one of the two double bonds attached to the oxygen, which may imply the variation of
enzyme systems between the two organisms.
Compounds 6 and 8 not only had the same molecular formula of C,IH3404 as
revealed by their HR E1MS, but also possessed almost identical MS fragmentations (see
Figure 111.9). The similarity was also observed in their 'H NMR spectra where the only67
significant difference between the two was the chemical shift of the proton geminal to a
hydroxyl group (see Figure 111.8 and Table 111.1). By 13C NMR spectra, the 4° of
unsaturation out of a total 5° in the molecules can be attributed to three double bonds
and one carboxylic carbonyl group. In the COSY spectrum (Figure III.10) of
compound 8, the proton at 64.30 was correlated to a proton at 62.85 which was further
coupled to another proton at 63.00 by 2.2 Hz. This connectivity, which compound 6
possessed as well (see Figure 111.11), was reminiscent of hepoxilins.By the
HETCOR spectrum (Figure 111.12) of compound 8, protons at 62.85 and 63.00 were
correlated to carbons at 660.75 and 655.86. The chemical shifts of these two carbons
are characteristic of a epoxide structure, which accounts for remaining one degree of
unsaturation and the last oxygen atoms in the molecule
I three oxygen atoms
have been designated to the methoxy carbonyl
and the hydroxyl group (see Table 111.1)1. Thus,
OH
the partial structure on the right could be
drawn for both compounds 6 and 8.
The location of this partial structure in compounds 6 and 8 was made possible
by the information provided by LR EIMS fragmentation pattern (see Figure 111.9). The
stereochemistry of the hydroxyl groups relative to the epoxy functionality was
determined by comparing the chemical shifts of the a-protons of hydroxyl groups of
112 both compounds to model compounds.11Thestereochemistry of trans-epoxyl groups
was shown by couplings of 2.4 and 2.2 Hz between the epoxide protons for
compounds 6 and 8. In 1979, Mihelich reported that for the threo -isomer, the
resonance of the a-hydroxyl proton of hydroxyl epoxides consistently stays at higher
field than that of erythreo-isomer.' 12 Moreover, Pace-Asciak reported that 12(S)-68
HPETE was transformed in mammalian tissues to hepoxilins A3 and B3 with retaining
stereochemistry at the hydroperoxyl site.' 31 linked this mechanism to my compounds
and assumed that the S configuration of 9(S)-HPETE and 9(S)-HETE (1) did not
COOR
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Figure 111.2. Chemical Structures for Compounds 1-1469
Table 111.1 H and 13C Data Assignments for Compounds 2-10 a
#C
1H NMR m, J (Hz) 11C NMR
Compound 2h
1
2 2.32 7.4 33.32
3 1.72 7.4 24.72
4 2.23 dl 1.0. 7.4 26.99
5 5.42 in 131.74
6 6.02 10.9 128.75
7 6.51 kid 0.9, 11.0, 15.2 125.54
8 5.71 dl 6.4, 15.2 135.53
9 4.22 6.2 71.98
10 2.36 35.34
11 5.44 in 124.58
12 5.51 131.23
13 2.81 7.0 25.81
14 5.34 in 127.24
15 5.40 to 130.67
16 2.04 6.8 27.22
17 1.21-1.37 29.28
18 1.21-1.37 31.49
19 1.21-1.37 22.56
20 0.88 6.7 14.07
MeO3.67 51.53
Compound 4 h
1 174.04
2 2.33 7.4 33.32
3 1.72 7.4 24.74
4 2.15 dP 1.1, 7.4 26.94
5 5.27 rn 128.03
6 5.89 dt 1.1. 11.7 124.19
7 6.08 11.7 106.61
8 6.60 11.7 147.91
1' 6.22 cl 6.1 142.10
2' 5.53 0.9, 6.1, 11.1 105.54
3' 6.36 (11 1.0, 11.1 120.29
4' 5.38 129.27
5' 2.88 7.1 26.03
6' 5.36 127.07
7' 5.42 in 130.77
8' 2.05 (1 6.8 27.21
9' 1.26-1.38 29.28
10' 1.26-1.38 31.49
11' 1.26-1.38 in 22.55
12' 0.89 6.8 14.07
Me()3.67 51.5070
(Continued Table 111.1)
#C H NMR m 1 (Hz) INMR
Compound 6h
1 173.94
2 2.34 7.4 33.25
3 1.75 7.3 24.64
4 2.19 27.16
5 5.62 133.73
6 5.42 128.18
7 4.62 64.87
8 2.86 di 2.4. 5.4 59.61
9 3.06 dt 2.4. 5.4 54.07
10 2.43 29.29
2.31
I1 5.39 123.14
12 5.32 127.14
13 2.78 7.1 25.74
14 5.55 131.50
15 5.36 130.75
16 2.04 6.6 27.24
17 1.25-1.37 29.29
18 1.25-1.37 31.51
19 1.25-1.37 22.58
20 0.89 6.8 14.08
MeO-3.68 51.61
Compound 8b
173.90
2 2.33 7.4 33.25
3 1.73 7.4 24.60
4 2.16 27.16
5 5.58 133.03
6 5.56 128.68
7 4.30 rtt 67.35
8 2.85 di 2.2, 5.0 60.75
9 3.00 dt 2.2. 5.4 55.86
10 2.43 29.29
2.32
11 5.40 123.06
12 5.35 127.11
13 2.78 7.1 25.74
14 5.55 131.51
15 5.45 130.75
16 2.02 7.0 27.23
17 1.21-1.38 e nu 29.29
18 1.21-1.38 31.50
19 1.21-1.38 in 22.58
20 0.89 6.8 14.07
MeO-3.67 51.6171
(Continued Table 111.1)
#C 1H NMR m 1 (Hz) INMR
Compound 10
1
2 2.33 t 7.4 33.33
3 1.73 p 7.4 24.72
4 2.23 q 7.4 27.01
5 5.44 M 131.46
6 6.02 t 11.0 128.71
7 6.50 m 125.76
8 5.72 dl 4.3, 15.0 135.29
9 4.26 q 6.2 72.03
10 2.47 di 7.3, 11.8 35.76
11 5.46 m 130.91
12 6.16 t 10.9 126.87
13 6.49 in 125.28
14 5.73 dl 4.7, 15.2 137.39
15 4.17 q 6.4 72.76
16 1.54 m 37.26
17 I.25 -1.40' in 24.72 d
18 1.25-1.40 m 25.10 d
19 1.25-1.40 m 22.60
20 0.88 t 6.5 14.06
MeO-3.67 s 51.57
a 1H NMR spectrum were recorded at 300 MHz and 13C NMR spectrum at 75 MHz in CDCI3
with TMS as an internal chemical shift reference.
All I3C NMR signals were assigned by a HETCOR experiment.
c Not observed.
d Assignments exchangeable.
e Overlapped signals not assigned.
change during the process (see Figure 111.3). Therefore, the stereochemistry at C-9 in
compounds 6 and 8 remained the same. Although the geometries for the double bonds
in the compounds could not be identified by the conventional coupling constant
analysis, the chemical shifts of the carbons vicinal to the olefins have been used to
determine the geometries of olefins.43-44 According to model compounds, the carbon
vicinal to a trans double bond often shows a chemical shift 4-6 ppm downfield in
contrast to that vicinal to a cis double bond) 14 The information above allowed us to
identify compound 6 as methyl 7(S*)-hydroxy-8(S*1. 9(S*)-epoxy-5(Z), 1 1(Z), 14(Z)72
eicosatrienoate and compound 8 as methyl 7(R*) -hydroxy-8(S*), 9(S*)- epoxy-5(Z),
11(Z), 14(Z) eicosatrienoate.
Compound 10, a colorless oil, showed I a li)3 = -7.5° (c = 0.05, Me0H). The
COSY spectrum of this compound showed that two a-hydroxyl protons (64.26 and
64.17) correlated to two conjugated dienes which overlapped. However, it was
possible by very careful analysis of the COSY spectrum to map out the connectivity of
protons from the methylene (62.33) at position 2 to the methyl group (60.88) at position
20 (see figures 111.13,111.14). The coupling constants of the olefinic protons clarified
by proton-decoupling experiments facilitated the identification of the geometry of double
bonds. Furthermore, the TMSi-ether LR EIMS m/z. 255 and 239 definitely supported a
9, 15-diol structure (see experimental) while the UV (MeOH) X. = 238 nm (E=
49,600), 232 nm (E= 47,700) confirmed the dual conjugated diene structure.
Therefore, compound 10 was identified as methyl 9(S*), 15-dihydroxy 5(Z), 7(E),
11(Z), 13(E)-eicosatetraenoate. Reddy et al. have reported the detection of 9,15-
diHEFE, along with other diHETEs from the oxidation reaction of arachidonic acid
catalyzed by potato tuber lipoxygenase.1°3 However, the paper did not present
characterization data for these compounds.
In this work, I have demonstrated that P. latissima contains eicosanoid
metabolites that are different from those previously found from other red marine algae.
These eicosanoids suggest that P. latissima may possess a lipoxygenase that catalyzes
oxygenation at position 9 of arachidonic acid and produces the central intermediate 9-
hydroperoxy eicosatetraenoic acid (9-HPEI B) (see Figure 111.3).It is conceivable that
9-HETE (1) can be the reduction product of 9-HPETE mediated by a peroxidase.
Through an intramolecular rearrangement catalyzed by a hydroperoxide isomerase, 9-
HPETE can be transformed to hepoxilins 5 and 7. Alternatively, through an73
intermolecular rearrangement the hydroperoxide can be converted to polyneuric acid (3).
Lastly, 9, 15-diHETE (9) can be produced by further oxygenation and reduction of 9-
HPETE or 9-HETE under the catalysis of a 15-lipoxygenase. It is also possible that the
lipoxygenase producing 9-HPETE may be capable of transforming the first product 19-
H(P)ETEI to 9,15 diHETE.I°3
COON
.0,9-1 ifx)xygenase
HOO COOH
H+
OH Hq COOH
O
5 + 7
COOH
O
3
1
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Figure 111.3. Proposed Metabolism of Arachidonic Acid in Polvneura latissima74
EXPERIMENTAL
Instruments. Infrared (IR) spectra were recorded on Nicolet 5 DXB FT 15 and
Nicolet 510 spectrophotometers. Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker AC 300 and AM 400 spectrometers with TMS as an internal
standard. Finnigan 4023 and Kratos MS 50TC spectrometers were used to obtain LR
MS and HR MS spectra. GC-MS was carried out with a Hewlett-Packard Model
5970B mass selective detector connected to a Hewlett-Packard Model 5890 gas
chromatograph. High performance liquid chromatography (HPLC) was performed
using a Waters M-6000 pump and U6K injector. Optical rotation was measured on a
Perkin-Elmer 141 polarimeter. Thin layer chromatography used Merck aluminum-
backed TLC sheets (silica gel 60 F,54). All solvents were distilled prior to use.
Collection, extraction and isolation. The first collection of the marine red alga
Polyneura latissima was made from intertidal zone at Duxberry Reef on the California
coast on June 22, 1989. The frozen voucher is stored at the College of Pharmacy,
Oregon State University. The alga was immediately frozen with CO,, (s) after collection
and stored frozen until extraction. Defrosted alga (0.3 kg dry weight) was homogenized
in CHC13/Me0H (2:1, v/v), warmed for 15 minutes and then filtered. The chloroform
layer was separated from the water layer and evaporated in vacuo to give 0.37 g of dark
green oil. The extract was fractionated by silica gel chromatography in vacuum mode
using a gradient of EtOAc in hexanes. The fraction eluting with 15% EtOAc/hexanes
contained trace amounts of compound 4. The materials eluting with 30%
EtOAc /hexanes were methylated with diazomethane. The methylated materials were
further purified by another vacuum chromatography to give compound 2 (14.4 mg,
3.9% yield of the crude extract). The materials eluted with 50% EtOAc /hexanes were75
treated with diazomethane. Another silica gel chromatography was performed to
fractionate the methylated materials. The compounds eluting with 15% and 30%
EtOAc /hexanes were further isolated by HPLC to give compounds 6 (1.5 mg, 0.4%
yield of the crude extract), compound 8 (2.6 mg, 0.7% yield of crude extract) and
compound 10 (0.5 mg, 0.14% yield of the crude extract. For the isolation scheme, see
diagram.
A second collection of the alga was made from the Puget Sound area,
Washington. The frozen voucher is stored at the College of Pharmacy, Oregon State
University. The seaweed (90 g of dry weight) produced 2.6 g of crude extract and 2.4
g of the crude extract was used to yield 7.1 mg of compound 4 ( 0.3% yield).
Compound 2. A colorless oil.I al2g = +11.1° (c = 0.56, MeOH). UV
(MeOH) Xinax = 236 nm (E = 21,500). IR v (neat): 3450, 3011, 2953, 2927, 2858,
1737,
(0.4),
(22),
1439, 1210,
391 (2), 375
133 (31). 105
1163,
(0.6),
(45),
987, 723 cm-I. TMSi-ether EI MS m/z (rel. int. %): 406
316 (1), 285 (0.8), 255 (99.4), 226 (13.9), 181 (8), 151
73 (100).
Steric analysis of compound 2. A small amount of compound 2 was ozonized
for 12 min. in 1 ml CHC13 at -20° C. The volume of the solution was reduced under
N2. The MCC derivative was formed in 50 pl toluene, 50 pl menthoxychlorocarbonate
solution, and 10 pl pyridine for 30 minutes at room temperature The reaction mixture
was partitioned 3X between hexane and H2O. The hexane solubles were treated with
peracetic acid at 50° C overnight, reduced under argon, then dissolved in MeOH and
treated with CH2N2. The methylated material was purified via a preparative TLC (25%
EtOAdhexane), eluted with Et20, and analyzed by GC and GC MS versus standards.
The result showed the steric composition at C-9 to be 93% S and 7% R.
Compound 4. A colorless oil; UV (MeOH) Amax = 268 (E = 32,000), 206 (E76
= 21,000); IR v (neat): 2954, 2931. 2870, 1736, 1440, 1376. 1164. 1124, 1073, 972
cm I; LR EIMS in& (rel. int. %): 333 (0.7), 332 (3), 266 (0.7), 221 (0.8), 189 (2),
179 (2), 169 (1), 170 (2), 163 (2), 153 (3), 137 (6), 109 (9), 96 (14), 91 (16), 84 (10),
43 (100); HR EIMS m/z obs. [Mr 332.23510 (C21E13203, 0.03 mmu dev.).
Compound 6. A colorless oil;I aI2D3 = +70 0 (c = 0.07, CHC13). IR v (neat):
3448, 3091, 2926, 2860, 1735, 1651, 1544, 1450, 1371, 1241, 1155, 1036, 732, 680
cm-I. LR EIMS m/z (rel. in%): 332 (0.3, M+ H2O), 319 (0.3), 303 (0.4), 290
(1.4), 231 (1.4), 215 (1.7), 193 (4), 170 (7), 157 (24), 125 (37), 95 (41), 79 (75), 67
(65), 55 (82). HR EIMS m/z obs. IM + Hi+ 351.25000 (C20-13504, -3.52 mmu
deviation), 333.24295 ( 1M+ HI+H2O, C21143304, 0.0 mmu deviation).
Compound 8. A colorless oil; 14 = -58° (c = 0.19, CHC13). IR v (neat) :
3448, 3010, 2927, 2859, 1735, 1652, 1445, 1369, 1317, 1213, 1161, 1123, 1084,
1024, 943, 893, 868, 766, 717 cm I;LR EIMS m/z (rel. int. %): 332 (0.3, M+
H20), 319 (0.3), 303 (0.5), 290 (1.4), 231 (1.4), 215 (1.7), 193 (4), 170 (8), 157
(22), 125 (38), 95 (41), 79 (77), 67 (67), 55 (81).
Compound 10. A colorless oil;laI2D3=-7.5° (c= 0.05, Me0H); UV (MeOH)
Amax= 238 nm (6= 49,600), 232 nm (E= 47,700), 204(E= 18,000); IR v
(neat): 3406. 2951. 2929, 2860, 1735, 1438, 1247, 1215, 1164, 987, 952 cm-1;
TMSi-ether LR EIMS m/z (rel. int. %): 422 (0.03), 373 (0.5), 329 (0.4), 313 (0.7),
255 (100), 239 (3), 223 (4), 181 (5), 165 (12), 151 (13), 133 (21), 123 (12), 105 (21),
73 (64).77
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CHAPTER IV. 5-LIPDXYGENASE PRODUCTS FROM THE TEMPERATE RED
ALGA RHODYMENIA PERTUSA
ABSTRACT
The temperate red alga Rhodymenia pertusa has yielded five eicosanoid metabolites.
They were deduced mainly by NMR and MS techniques as 5(R), 6(S)-dihydroxy-7(E),
9(E), 11(Z), 14(Z)-eicosatetraenoic acid 15(R), 6(S)-diHETE, 11, 5(R), 6(S)-dihydroxy-
7(E), 9(E), 11(Z), 14(Z), 17(Z)-eicosapentaenoic acid 15(R), 6(S)-diHEPE, 31, 5(R*)-
hydroxy-6(E), 8(Z), 11(Z), 14(Z)-eicosatetraenoic acid 15(1e)-HETE, 5(, 5(R*)-
hydroxy-6(E), 8(Z), 11(Z), 14(Z), 17(Z)-eicosapentaenoic acid [5(R*)-HEPE, 71 and
5, 12-diHLIE (9). The presence of these metabolites strongly suggests that this red
alga contains an unique 5-lipoxygenase system.89
INTRODUCTION
Lipoxygenase products in mammalian tissues, especially 5-lipoxygenase
products, have been demonstrated to be the important molecules associated with many
physiological and pathophysiological conditions.61.115 The mammalian 5-lipoxygenase
is the enzyme initiating the production of leukotrienes which are responsible for many
inflammatory diseases. So far, there have been several reports of 5-lipoxygenases
isolated from different mammalian tissues. Interestingly, several reports demonstrated
the 5-lipoxygenase purified from porcine leukocytes to be a multifunctional enzyme
which catalyses not only the formation of 5(S)-HPETE, but also both the oxidation of
5(S)-HPETE to 5(S), 6(R)-diHPETE and the syntheses of LTA4 and other
leukotrienes.1 16 -120
Higher plant lipoxygenases, particularly soybean and potato lipoxygenases,
have been studied for more than three decades. Despite this long period of study, the
exact functions of most lipoxygenase products in plants are still to be elucidated.34
Unlike mammalian lipoxygenases which utilize arachidonic acid as their major substrate,
higher plant lipoxygenases prefer linoleic acid and linolenic acid as their main natural
substrates. However, when arachidonic acid becomes available, higher plant
lipoxygenases can convert it to the corresponding products which are very often
identical to those present in the mammalian system. For example, Samuelsson et al. in
1984 showed the purified potato tuber 5-lipoxygenase to be a multifunctional enzyme
that possessed both 5-oxygenase and LTA4 synthase activities.121 Additionally, the
research group reported that the purified 5-lipoxygenase could act as an 8-lipoxygenase
when bishomo-y-linolenic acid was present as the sole substrate.
In the previous chapters, I have illustrated that the marine algae Gracilariopsis90
lemaneifonnis and Polvneura latissima contain distinctly different 12- and 9-
lipoxygenase products. In this chapter. I report the discovery of 5-lipoxygenase
products from the red marine alga Rhodymenia pertusa.91
RESULTS AND DISCUSSION
R. pertusa belongs to the order Rhodymeniales, family Rhodymeniaceae and is
distributed in the subtidal zone along the Pacific coast from Alaska to Oregon. The algal
material used in this research was collected in the coastal area of Puget Sound,
Washington. One gallon of wet algae provided 1.4 grams of crude extract of which 1.3
grams were fractionated by a vacuum silica gel chromatography into 7 fractions.
Fractions 4-6 were treated separately with diazomethane and further fractionated and
purified by vacuum chromatographies and HPLC. As the result, fraction 6 gave the
major components 5(R), 6(S)-diHETE (2) and 5(R), 6(S)-diHEPE (4); fraction 5
yielded 5(R*)-HETE (6) and 5(R*)-HEPE (8); fraction 4 gave a trace amount of 5,12-
diHETE (10).
Compound 2, a colorless oil, showed [alp = -1.40 (c = 0.29, Me0H). Its
molecular formula C.,1H3404 was estabolished by its 'H and 13C NMR data and MS
molecular ion at m/z 494 of its TMSi-ether derivative. Its two hydroxyl groups were
clearly shown by two proton resonances at 64.15 and 63.70 (a protons of hydroxyl
groups) in the 1H NMR spectrum and two resonances at 675.61 and 673.78 in the 13C
NMR spectrum (Figure IV.4). The location of these two hydroxyl groups at C-5 and C-
6 was clearly exhibited by the COSY spectrum (Figure IV.3). Furthermore, the
conjugated trans-trans-cis triene unit and the connectivity to other protons in the
compound were established by the COSY spectrum and coupling constant analysis (see
experimental). The LR EIMS (Figure IV.5) of TMSi-ether derivative of compound 2
showed the molecular ion at to /z. 494 and two fragments at m/z 291 and 203 which
further proved the 5,6-location of the diol (see Figure IV.5). Thus, this compound was
identified as methyl 5. 6-dihydroxy-7(E), 9(E), 11(Z), 14(Z)-eicosatetraenoate.92
In 1989, Kugel et al. synthesized all four diastereoisomers of 5,6-diHETE free
acids for a comparative bioactivity study.122In order to determine the stereochemical
identity of compound 2, we hydrolyzed the 5, 6-diHETE methyl ester with 1 N NaOH
in 90% aqueous Me0H. The recovered free acid (1) showed a 1H NMR identicalto
that reported for 5(S), 6(R)-difIbland 5(R), 6(S)-diHETE. Although the optical
rotation ( -2.8 °) does not completely match the value reported for 5(R), 6(S)-diHETE (-
13.7 °), the direction of the rotation is comparable.Therefore, we concluded that the
majority of compound 1 is 5(R), 6(S)-diHETE.
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Figure IV.1. Chemical Structures of Eicosanoids from R. pertusa93
Compound 4 was closely related to compound 2. The 1H NMR spectrum
showed that compound 4 had 10 olefinic protons, 3 bis-allylic methylenes and a sharp
triplet methyl group at 60.98 characteristic of an w -3 fatty acid. Thus, compound 4 was
identified as 5(R*), 6(S*)-diHEPE methyl ester.
The two minor compounds 6 and 8 are w -3 and w -6 homologs. The
monohydroxy eicosanoid nature of 6 and 8 was revealed by the observation of only one
a-proton of a hydroxyl group in their 111 NMR spectra. The LR EIMS (Figure IV.6)
of the TMSi-ether derivative of compound 6 showed its molecular ion at m/z 406 and
the fragment at m/z 305 diagnostic for 5-HETE (see Figure ). Comparatively, the 1H
NMR of compound 8 contained one bis-allylic methylene and two olefinic protons more
than compound 6 and possessed a sharp triplet methyl signal at 60.98 indicating an co-3
fatty acid structure. As the conversion of 5(S)-HPETE to LTA4 by potato lipoxygenase
does not alter the stereochemistry of 5-hydroperoxyl group, I used an analogy and
proposed a biosynthetic mechanism (see Figure IV.2). Thus, compounds 6 and 8
were identified as 5(R*)-HE1'E and 5(R*)-HEPE methylesters.115
Compound 10 was a trace component and was only partially purified by HPLC.
However, the GC-MS of its TMSi-ether derivative gave a molecular ion at m/z 494
indicating a diHE1E structure. Moreover, the additional fragments at m/z 393 and 383
strongly suggested its 5,12-diHETE methyl ester structure (see Figure IV.7). We
tentatively identified compound 10 as 5, 12-diHETE methyl ester.
The above compounds clearly indicated that R. pertusa may contain
predominantly a 5-lipoxygenase system which is distinctly different from the red algae
Gracilariopsis lemcuzeiformis (12-lipoxygenase system) and Polyneura latissima (9-
lipoxygenase system) previously described. The metabolism of arachidonic acid in R
pertusa may start with the dioxygenation at C-5 under the catalysis of a 5-lipoxygenaseOOH
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to form 5-HPETE (see Figure IV.2). To form 5,6-diHETE from 5-HPETE, there are
two possible routes) 19 One route may require a 6-oxygenase that uses 5-HPETE as the
substrate. The resulting 5, 6-diHPETE can be reduced to 5,6-diHETE by a peroxidase.
Alternatively, the other route can use a peroxide dehydrase to convert 5-HPETE to
LTA4. The hydrolysis of LTA4 mediated by an epoxide hydrolase can lead to 5,6-
diHEIE, or the hydrolysis mediated by a LTA4 hydrolase can produce 5.12-diHElE
(see Figure IV.2). In comparison, mammalian LTA4 hydrolase, a zinc containing
enzyme,
123has been isolated from several different tissues and is distinguishable from
epoxide hydrolase.156
In conclusion, I elucidated the structures of five eicosanoid metabolites from the
red marine alga Rhodymenia pertusa which appear to derive from the 5-lipoxygenase
system. The relationship between the metabolites indicates that this alga may contain an
epoxide hydrolase and a LTA4 hydrolase in addition to a 5-lipoxygenase. It should be
emphasized that unlike other 5-lipoxygenases, the 5-lipoxygenase of R. pertusa appears
to also catalyze the formation of 5(R)-hydroxy eicosanoids.96
EXPERIMENTAL
Instruments. Infrared (IR) spectra were recorded on Nicolet 5 DXB FT 15 and
Nicolet 510 spectrophotometers. Nuclear magnetic resonance (NMR) spectra were
recorded on Bruker AC 300 and AM 400 spectrometers with TMS as an internal
standard. Finnigan 4023 and Kratos MS 50TC spectrometers were used to obtain LR
MS and HR MS spectra. High performance liquid chromatography (HPLC) was
performed using a Waters M-6000 pump, U6K injector. Optical rotation was measured
on a Perkin-Elmer 141 polarimeter. Thin layer chromatography used Merck aluminum-
backed TLC sheets (silica gel 60 F254). All solvents were distilled prior to use.
Collection, extraction and isolation: The alga was collected by scuba diving on
the Washington coast in July, 1990. The frozen voucher is stored at the College of
Pharmacy, Oregon State University. One gallon of wet alga was immediately frozen
under dry ice. The defrosted alga was homogenized in CHC13/Me0H (2:1) and warmed
up to about 60° C for 30 minutes. The homogenate was filtered and the CHC13 layer
was gathered and evaporated to produce 1.4 g of crude dark oil. Part of the crude
extract (1.3 g) was fractionated to 7 fractions by a vacuum silica gel chromatography.
Fractions 4 to 6 were methylated with diazomethane separately and separated further by
vacuum silica gel chromatographies (see diagram below). After additional HPLC
purifications, fraction 4 provided less than 1 mg of a mixture of 5,12-diHETE methyl
ester and 5. 12-diHEPE methyl ester while fraction 5 gave less than 0.5 mg of5(R*)-
HEIE methyl ester and 5-HEPE methyl ester. The major metabolite methyl ester
derivatives, 5(R), 6(S)-diHETE methyl ester (2.9 mg) and 5(R*), 6(S*)-diHEPE methyl
ester (1 mg), were obtained from fraction 6.
5(R), 6S)-diHETE (1): 2 mg of methyl ester were dissolved in 9 ml of Me0H97
and added to 1 ml of 10 N NaOH. This solution stood at room temperature for 1 hour.
The solution was then neutralized with 0.8 ml of 10 N Ha and adjusted to acidic
condition with acetic acid. The precipitated salts were filtered and the resulting solution
was extracted with CHC13 (20 ml x 2). The CHC13 layer was evaporated to give 2 mg
of colorless oil.lali23= 2.8° (c = 0.2, acetone). The TLC showed that this oil was
only one major compound which turned blue when sprayed with sulfuric acid.
5(R), 6(S)- diHETE methyl ester (2):I = -1.4° (c = 0.29, Me0H). TMSi-
ether LR EIMS tn/z. (rel. int. %): 494 (0.4, Mt), 463 (0.5), 404 (1.1), 393 (0.3), 373
(0.5), 291 (6), 203 (100), 171 (48), 147 (20), 129 (50), 113 (39), 99 (53), 73 (80).
1H NMR (300 MHz, CDC13): 66.55 (1H, dd, J= 11.4, 14.8 Hz, H-10), 6.37 (1H,
dd, J = 10.8. 15.1 Hz, H-8), 6.21 (1H, dd, J = 10.8, 14.8 Hz, H-9), 6.03 (1H, t, J =
11.0 Hz, H-11), 5.75 (1H, dd, J = 7.3, 15.1Hz, H-7), 5.48 (1H, m, H-12), 5.41 (1H,
m, H-15), 5.37 (1H, m, H-14), 4.15 (1H, m, H-6), 3.70 (1H, m, H-5), 3.67 (3H, s,
MeO -), 2.94 (2H, t, J = 7.3 Hz, H-13), 2.36 (2H, t, J = 7.0 Hz, H-2), 2.05 (2H, m,
H-16), 1.85 (1H, m, H-3a), 1.71 (1H, m, H-3h), 1.45 (2H, m, H-4), 1.231.41 (6H.
m, H-17, H-18 and H-19), 0.89 (3H, t, J = 6.7 Hz, H-20). 13C NMR (75 MHz,
CDC13): 6174.15 (C-1), 133.62, 131.64, 131.61. 130.96, 130.36, 129.01, 128.24,
126.89, 75.61, 73.78, 51.60 (MeO -), 33.73 (C-2), 31.50, 31.40, 29.27, 27.23,
26.21, 22.57, 21.08, 14.08(C-20).
5(Rz ), 6(SE )-diHEPE methyl ester (4): 1H NMR (300 MHz, CDC13): 66.55
(1H, dd, J = 11.4, 14.7 Hz, H-10), 6.37 (1H, dd. J = 10.7, 15.1 Hz, H-8), 6.22 (1H,
dd, J = 10.8. 14.6 Hz, H-9), 6.04 (1H, t, J = 11.0 Hz, H-11), 5.75 (1H, dd, J = 7.3,
15.1 Hz, H-7), 5.47-5.33 (5H, m, H-12, H-14, H-15, H-17, H-18), 4.15 (1H, m, H-
6), 3.70 (1H. m, H-5), 3.67 (3H, s, MeO -), 2.97 (2H, t, J = 6.8 Hz, H-13), 2.82
(2H, t, J = 6.6 Hz, H-16), 2.36 (2H, t, J = 7.0 Hz. H-2), 2.08 (2H, m, H-19), 1.8498
(1H, m, H-3a), 1.71 (1H, m, H-36), 1.47 (2H, m, H-4), 0.98 (3H, t, J= 7.6 Hz, H-
20).
5(e)-HETE methyl ester (6): TMSi-ether GC-EIMS m/z (rel. in%): 406
(M÷, 5), 352 (5), 305 (15), 281 (4), 255 (26), 203 (11), 190 (10), 129 (19), 91 (31),
73 (100).11-1 NMR (300 MHz, CDC13): 66.52 (1H, dd, J= 11.5, 15.4 Hz, H-7),
5.98 (1H, t, J = 11.5 Hz, H-8), 5.71 (1H, dd, J = 7.0, 15.4 Hz, H-6), 5.27-5.47 (5H,
m, H-9, H-11, H-12, H-14 and H-15), 4.17 (1H, m, H-5), 3.67 (3H, s, MeO -), 2.96
(2H, t, J = 7.0 Hz, H-10), 2.84 (2H, t, J = 6.5 Hz, H-13), 2.35 (2H, t, J= 7.3 Hz, H-
2), 2.05 (2H, m, H-16), 1.69 (2H, m, H-3), 1.47 -1.25 (8H, m, H-4, H-17, H-18 and
H-19), 0.88 (3H, t, J = 6.7 Hz, H-20).
5(R* )-HEPE methyl ester (8): 1H NMR (300 MHz, CDC13): 66.53 (1H, dd, J
= 11.5, 15.4 Hz, H-7), 5.98 (1H, t, J = 11.5 Hz, H-8), 5.71 (1H, dd, J = 7.0, 15.4
Hz, H-6), 5.27-5.47 (5H, m, H-9, H-11, H-12, H-14 and H-15), 4.17 (1H, m, H-5),
3.67 (3H, s, MeO -), 2.96 (2H, t, J = 7.0 Hz), 2.86 (4H, m, H-13 and H-16), 2.35
(2H, t, J = 7.3 Hz, H-2), 2.05 (2H, m, H-16), 1.69 (2H, m, H-3), 1.47 (2H, m, H-
4), 0.98 (3H, t, J = 7.6 Hz, H-20).
5, 12-diHEIL methyl ester (10): TMSi-ether LR EIMS m/z (rel. in%): 494
(Mt, 0.05), 411 (7), 393 (1), 383 (23), 367 (28), 293 (100), 259 (19), 225 (6), 91
(12), 69 (32).14
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CHAPTER V. A NOVEL INDOLE ALKALOID FROM THE TEMPERATE RED
ALGA BOTRYOCLADIA PSEUDODICHOTOMA
ABSTRACT
The red temperate alga Botryocladia pseudodichotoma, known as "sea grapes",
produces a novel indole alkaloid derived from fumaric acid and tryptophan. Its
symmetrical structure was revealed by the fact that HR FABMS gave its molecular
formula as C,4H,,oN40,, while the 1H and 13C NMR spectra only showed 10 proton
and 12 carbon signals. The final structure was determined by COSY, long range proton-
carbon heteronuclear correlation NMR spectra and chemical degradation.105
INTRODUCTION
It is known that marine plants are not very abundant in alkaloids.157 Among the
few alkaloids, indole derivatives are the most common. In 1978, the New Zealand red
alga Rhodophyllis membranacea yielded a group of antifungal polyhalogenated
indoles.'24 All of the compounds had halogens at positions 2 and 3 in addition to more
halogens at either position 4 or 7, or both. The red alga Laurencia brongniartii
produced four somewhat different halogenated indoles which had positions 2, 3 and 5
or 6, or both 5, 6 bromine-substituted pattern.125 However, only 2, 3, 5, 6
tetrabromoindole displayed strong activity against the gram- positive bacterium Bacillus
subtilis and the yeast Saccharomyces cerevisia. Very recently, Bernart et al. reported
that the red alga Prionitis lanceolata contained three known indoles 126 among which
indole 3-carboxylic acid was also previously detected from another alga Botrvocladia
leptopoda.127-128 The odorous tropical red alga Martensidfragilis yielded three
tryptophan-derived alkaloids (1-3) in addition to three essential oils.'29 The structure
of the major metabolite fragilamide (1) was identified by NMR analysis and chemical
degradation to be an enamine- containing molecule.
Caulerpin (4), a red pigment, is one of very few indole metabolites from green
algae.
13°-131It was first isolated from the green alga Caulerpa racemosa and can be
widely found in plants of this genera. From the blue-green alga Rivulariajinna, six
unprecedented bisindoles have been isolated. Their structures were determined by a
combination of NMR techniques including measurement of 13C-NMR spin lattice
relaxation and 13C1Hcoupling constants. Among the six compounds, compound 5,
because of the hindered rotation around the bond connecting the two indole units caused
by the ortho bromine substituents, was optically active. Its absolute stereochemistry106
was established by single-crystal X-ray analysis. Lyngbyatoxin (6), of mixed
biogenesis, is from the blue-green alga Lvngbya majuscula.49-5° It contains a terpene
unit connected to a indole ring.
Known as sea grapes, the red alga Bottyocladia pseudodichotoma belongs to the
order Rhodymeniales, family Rhodymeniaceae. The algal material (one gallon) was
collected in the Puget Sound area, Washington by SCUBA technique and was extracted
by homogenizing in C1-1C13/Me0H (2:1) to give 1.7 gram of crude extract.After the
crude extract was stored in ether at -20° for two weeks, a crystalline solid was
precipitated which was recrystallized in acetone to give pure compound 7.
OH
4
7
Figure V.I. Chemical Structures of Compounds 1-7107
RESULTS AND DISCUSSION
Compound 7. orange crystalline needles recrystallized from acetone, showed
UV (acetone) ?max at 210 (c = 15,000) and 368 (c = 21,000) nm. Its symmetrical
structure was revealed by the fact that the 1H NMR and 13C NMR spectra showed only
10 proton signals and 12 carbon signals whereas HR FABMS unambiguously showed
its molecular formula C24H20N402, exactly twice the number of protons and carbons
observed in the NMR spectra. Furthermore, the COSY (Figure V.4) and HETCOR
(Figure V.5) spectra showed that the 10 proton signals, comprising 3 spin systems and
1 isolated proton, were connected to 8 carbon signals and possibly 2 nitrogen atoms
(see Figure V.2 below). Spin system A contained four aromatic protons (see Figure
V.2) among which the proton at 67.39 showed a nuclear Overhauser effect to the D20
exchangeable proton at 611.39 of spin system B of two protons. Spin system C
contained two olefinic protons of cis-geometry (10 Hz coupling) and one D20
exchangeable proton that showed a nOe to the isolated single proton at 67.42.The
position arrangement of the 2 nitrogens was confirmed by the J1c.11173 and 178 Hz
couplings for the two carbons at 6117.9 and 6124.5.
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Figure V.2. Partial Structures for Compound 7108
To connect those partial structures together, a long range proton-carbon
heteronuclear correlation experiment was performed to detect two-bond and three-bond
H-C correlations (see Figure V.6). The quaternary carbon at 6135.5 was placed at
position 8 by the long range correlations of this carbon with four protons at 611.39,
7.82, 7.39, and 7.12 while the quaternary carbon at 5126.6, having correlations with
the protons at 611.39, 7.82, 7.60 and 7.04, was placed at position 9. Furthermore, the
protons at 511.39 and 7.82 showed additional correlations to the third quaternary
carbon at 6109.3 which correlates to the proton at 56.77 of spin system C. Therefore,
this carbon must be placed at position 3 which connected spin system C. This
assignment was further supported by the three-bond correlation between the carbon at
5126.6 and the proton at 66.03 of spin system C. Lastly, the correlation between the
carboxylic carbon at 5162.1 and the proton at 67.42 which showed nOe to the proton at
69.70, together with the IR carbonyl stretching at 1617 cm I, revealed the a,[3-
unsaturated amide at position 3'.This also explains the dual NMR signals for some
carbons and protons in the molecule because of the regidity of the amide bond. Thus,
we were able to build the partial structure (Figure V.3) which accounted for all of the
atoms present in the molecule.
However, all of the information above could not address the question of the
geometry of the carboxylic acid unit in the compound. In order to unequivocally
identify the carboxylic acid unit, we hydrolyzed compound 7 to liberate the carboxylic
unit. The comparison of 1H NMR spectrum of liberated acid with those of fumaric acid
and maleic acid standards obtained after a similar hydrolysis process (see experimental)
showed that fumaryl unit rather than maleyl unit was present in compound 7.
Therefore, we completed the total structure of compound 7 as depicted in Figure V.1.
In 1978, Young et. al. observed that Botryocladia sp. contained gland cells in109
Figure V.3. Some HETCOSY Correlations of Compound 7
Table VA. 1H and 13C NMR Data of Compound 7
1HNMR 13C NMR
6 in J (Hz) 6 JAi(Elz)
I 11.39 hr.s
2 7.82 d 2.4 124.5 173
3 109.3
4 7.60 d 7.8 118.1 158
5 7.04 t 7.4 119.1 158
6 7.12 t 7.4 121.5 154
7 7.39 d 7.9 111.4 157
8 135.5
0 126.6
I' 6.03 d 9.7 104.3 156
2' 6.77 t 10.0 117.9 178
3' 9.70 d 10.3
4' 162.1
5' 7.42 133.3 164110
the inner cortex that have extensive Golgi and secretory activity providing mucilage to
fill the grape-like thalli of this alga.
132-133It will be interesting to know whether the
same cells are involved in the production of compound 7 and what the biological
function of this compound in the alga is.I 1 1
EXPERIMENTAL
Instruments. The UV spectrum was recorded on a Hewlett Packard (HP)
8452A Diode-array spectrophotometer. IR spectra were recorded on a Nicolet 510
spectrophotometer. NMR spectra were recorded on a Bruker AC 300 spectrometer.
Finnigan 4023 and Kratos MS 50TC spectrometers were used to obtain LR MS and
HR MS spectra. Thin layer chromatography used Merck aluminum-backed TLC sheets
(silica gel 60 F254). All solvents were distilled prior to use.
Collection, extraction and isolation. The red alga Botrvocladia pseudodichotoma
was collected by scuba diving at Octopus Hole, Washington in July, 1990. The frozen
voucher is stored at the College of Pharmacy, Oregon State University. One gallon of
wet alga was immediately frozen under dry ice. The defrosted alga was homogenized in
CHC13/Me0H (2:1) and warmed up to about 60° C for 30 minutes. The homogenate
was filtered and the CHC13 layer was gathered and evaporated to produce 1.7 g of crude
extract. After being stored in ether at -20° C for several weeks, the crude extract
solution gave a crystalline precipitate which was gathered by filtration. Recrystallization
of the precipitate in acetone yielded about 35 mg of compound 7.
Compound 7. Orange crystalline needles. UV (acetone) Xmax = 210 nm (c
15,000). 368 nm (c = 21,000). IR V (neat): 3430, 3279, 1617, 1540, 1505, 1230,
1180. 1079, 981, 736 cm-I. LR EIMS (probe) m/z (rel. in%): 396 (M+, 12), 239
(7), 210 (10), 158 (100), 157 (60), 130 (67), 55 (27). HR FABMS ohs. M+
396.16130 (C24H20N402, 2.68 mmu dev.). For NMR data, see Table V. I.
Hydrolysis of compound I and identification of the liimaryl unit. Compound 7
(approximately 5 mg) was dissolved in 2 ml of 20% NaOH solution and was heated for
30 min.. The solution was neutralized with HCl to pH 7 and the H2O was removed in112
vacuo to give a salty residue. The 1H NMR spectrum of the salty residue in 1320
showed a singlet signal at 67.1 in addition to several signals between 64.0 -62.7. To
prepare the fumaric acid standard, a drop of fumaryl chloride was mixed with 1 ml of
H2O and 2 ml of 20% NaOH was added. The reaction was vigorously completed and
the solution was neutralized with 10 N HC1 to pH 7 and was dried in vacuo to yield a
salty residue. The 1H NMR spectrum of the residue in D20 showed a proton signal at
67.0. By contrast, maleic acid, after a similar process of base hydrolysis and
neutralization, showed a proton signal at 66.0. Therefore, the fumaryl unit, rather than
matey' unit, was assigned to compound 7._I A
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Figure V.4. COSY Spectrum of Compound 7Figure V.5. HETCOR Spectrum of Compound 7Figure V.6. Long Range 1H-13C HeteronuclearCorrelation Spectrum of Compound 7116
CHAPTER VI. TOTAL STRUCTURE OF HORMOTHAMNIN A. A TOXIC
CYCLIC UNDECAPEPTIDE FROM THE TROPICAL MARINE
CYANOBACTERIUM HORMOTHAMNION ENTEROMORPHOIDES
ABSTRACT
The tropical marine cyanobacterium Honnothamnion enteromorphoides
produces a suite of cytotoxic and antimicrobial cyclic peptides. The structure of the
most lipophilic of these, hormothamnin A, was determined by interpretation of physical
data, principally high field NMR and FAB MS, in combination with chemical
derivitization and degradation schemes. Isolation of a key pentapeptide fragment D-PHE-
D- LEU -L- ILE- D -allo- ILE -L -LEU, obtained under partial hydrolysis conditions, was
instrumental to the final structure determination. 13-D-aminooctanoic acid (D-BAOA)
was characterized as a per-ester derivative following complete acid hydrolysis and Z-
didehydrohomoalanine (DHHA) was spectroscopically described in the intact peptide.
The remaining residues (HYPRO, 2 x HSER, GLY) were evident from amino acid and
spectroscopic analysis. Sequencing of these residues made use of knowledge from
fragments, high field NMR (NOESY and ROESY) and FAB MS analysis of the intact
peptide. Absolute stereochemistries of the a-amino residues were determined by HPLC
analysis of the acid liberated residues derivatized with Marfey's reagent. The absolute
stereochemistry of the (3 -amino residue was shown by circular dichroism analysis,
HPLC analysis of the Marfey derivative, and chiral synthesis of a homolog. By these
techniques, hormothamnin A was demonstrated to possess a cyclo-ID-PHE-D-LEU-L-
ILE-D-allo-ILE-L-LEU-GLY-D- BAOA-L-HSER-DHHA-L-HYPRO-L-HSER
structure.117
INTRODUCTION
Cyanobacteria (blue-green algae) are a group of prokaryotic organisms
distributed all over the world in both terrestrial and marine environments. The chemical
study of tthis group of organisms has produced several interesting classes of
compounds. Cyclic peptides, common in bacteria and fungi, seem to be a common
chemical theme in the cyanobacteria as wel1.134
One group of the best studied cyclic peptides is the water soluble microcystins
I microcystin-LR (1) is the major toxin), the major heptotoxic compounds responsible
for numerous intoxications of fish and livestock,135 from the freshwater cyanobacteria
Microcvstis aeruginosa, M. toxica,I36 and Oscillatoria agardhii.137 Nodularin (2) is a
peptide toxin isolated from the cyanobacterium Nodularia spumigena.56' 138 Except for
two residues less, nodularin are almost identical to those in microcystin-LR (1) and the
toxicity of nodularin is somewhat more potent than that of micocystin-LR. Very
recently, Ishitruka et al. isolated from an axenic strain of Microcystis viridis a novel
tricyclic depsipeptide, microviridin, possessing a tyrosinase inhibitory activity.139
Several cyclic peptide toxins of a lipophilic nature have also been isolated from
cyanobacteria. Scytonema sp., isolated from a soil sample in the Marshall Islands and
cultivated in laboratory, produced calcium-antagonistic (5pg/m1 in atria calcium
antagonistic testing) scytonemin A (3).140 This peptide possesses several unusual
amino acid residues including L-2(S), 3(R), 4(R)-4-hydroxy-3-methylproline, D-2(R).
3(S)-threo-3-hydroxyleucine and the (3-amino acid Ahda. Puwainaphycins C (4) and D
(5) were isolated from Hawaiin terrestrial blue-green alga Anabaena sp..141-142
Puwainaphycin C (4) is a cardioactive cyclic peptide containing a novel chlorine-
substituted long chain (3-amino acid. It is cardioactive with ED50 = 0.2 ppm in118
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Figure V1.1. Chemical Structures of Compounds 1 -7119
mouse atria. The structure elucidation of both compounds employed a series of
sophisticated 2D-NMR techniques, such as 13C-13C Correlation Spectroscopy (COSY-
X) and15N-13C Correlation spectroscopy, using uniformly enriched 13C and 15N
samples of puwainaphycins. The toxic marine cyanobacteriurn Lyngbya tnajuscula
produces several cyclic depsipeptides. Majusculamide C (6) 143 and 57-
normajusculamide C (7)
144were isolated from a shallow water form of this alga.
Interestingly, dolastin 11 (7), a peptide with the planar structure being identical to 57-
normajusculamide C, was isolated from a sea hare from the Indian Ocean. It is known
that sea hares feed on algae and, therefore, some of the compounds from sea hares
could be algal origin.3 An unusual structural motif common to all of these peptides is
the occurrence of one 13-amino acid with a structurally unique side chain.
Our investigations of the cytotoxic and antimicrobial peptide chemistry of the
Caribbean cyanobacterium, Hormothamnion enteromorphoides Grunow, have occurred
over a period of several years and made use of both field collected and cultured
materia1.145 H. enteromorphoides isan exclusively marine cyanobacterium which
grows abundantly in the shallow coastal waters off Northern Puerto Rico, although it
has an overall pantropical distribution.'The distinctive emerald green color and slimy
clump-like morphology assist in its field identification and collection by skin diving
techniques. From this prokaryote we have detected a complex series of peptide natural
products which were initially discovered as a result of bioassay guided fractionation
efforts following the pronounced gram + antimicrobial activity observed in the crude
lipid extract. Vacuum chromatography of this lipid extract and RP HPLC of the polar
peptide containing fractions proved to be the most expeditious method for their
isolation.I45 The complete structure elucidation of the most lipophilic of these,
hormothamnin A (8), which is also the most abundant, has been a challenging problem120
and we report here the results of these efforts.147121
RESULTS AND DISCUSSION
Pure hormothamnin A (8), a colorless material drying to a white non-crystalline
powder, was optically active and showed intense CO =-and N-H absorptions at u =
1700 and 3350 cm 1 typical of peptide-type natural products. It possessed an
uncharacteristic UV spectrum with maxima at 240 and 270 nm (E = 9500 and 400),
absorptions later ascribed in concert with other data to an a,f3-unsaturated amide and a
mono-substituted aromatic ring, respectively. Hormothamnin A analyzed for
C60H98N11014 by HR FABMS lobs. IM+HI+ at 1196.73031, yielding 18° of
unsaturation. From the 13C NMR (figures VI.5 and 6) and molecular formula data,
which showed there to be 11 amide-type carbonyls, hormothamnin A was likely an
undecapeptide with a number of unsaturated and cyclic amino acid residues. Further,
hormothamnin A was shown to possess three esterifiable functionalities as it formed
triacetate 9 upon acetylation.
Additional analysis of the 13C NMR spectrum of 1 revealed resonances for a tri-
substituted olefin (6131.8, 121.7) and a mono-substituted aromatic ring. The identity
of this aromatic residue as PHE was conclusively given by amino acid analysis.
Further, amino acid analysis showed the presence of one HYPRO residue as well, and
thus, explained all but one of the degrees of unsaturation implicit in the molecular
formula. Hormothamnin A also contained two HSER, one GLY, one ILE, one allo-
ILE, and two LEU residues by amino acid analysis. Derivatization of these residues
obtained from the crude hydrolysate with Marfey's reagent 148 and gradient HPLC
analysis with co-injection of standards defined the absolute stereochemistry of PHE as
D, HYPRO as L, both HSER's as L, and one LEU as D and the other as L. Because of
overlap in the HPLC chromatogram, it was not possible at this point to distinguish0
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whether hormothamnin A possessed D-ILE and L-allo-ILE or L-ILE and D-allo-ILE.
By 1H NMR (Figure VI.4) and 13C NMR (figures VI.5 and 6) analyses. a tenth
residue was identified as didehydrohomoalanine (DHHA), and contained distinctive
signals and spin systems characteristic for this unsaturated system (see TableVI.1).149
By estimation of the three bond coupling between the vinyl proton and carbonyl carbon
in this residue,15° and NOE experiments, the geometry of the tri-substituted olefin was
shown to be Z. A gated decoupled 13C NMR spectrum of 8 gave a complex yet narrow
signal for the DHHA carbonyl at 6166.7. The complexity of this signal is
understandable in terms of the five protons to which it probably shows 3-bond
couplings. The narrowness of this signal (Ahi= 14 Hz) implies the absence of any
coupling greater than 10 Hz, which necessarily excludes the possibility of a trans
disposed proton.15° More conclusively, NOEDS showed bidirectional NOE's between
the NH and vinyl methyl (NH to CH3 18%, CH3 to NH 2%) as well as significant NOE
between the NH and -proton of the adjacent HSER (30%). It is interesting to note that
the DHHA residue in 1 is of the opposite geometry compared to the same residue found
in another cyanobacterium cyclic peptide, scytonemin A (3).140
Hence. the eleventh and final residue was required to possess an atomic formula
of C8H15N101 with the oxygen and nitrogen atoms being present as components of
amide bonds. Importantly, this composition required the final residue to possess an
aliphatic side chain, and hence, given the degrees of unsaturation in the molecule, the
overall structure of hormothamnin A was required to be cyclic. This was consistent
with both its lack of reactivity to CH,,N,, in ELO /MeOH and that it only formed a
triacetate (2) upon acetylation. However, due to the highly congested nature of the
spectrum in the 0.9 to 1.3 ppm region in 8 or 9, it was not possible to map out the spin
system of this eleventh residue in the intact peptide.124
The identity of the eleventh residue was unequivocally shown through its
isolation from the crude acid hydrolysate by repetitive HPLC as a protected acetate,
methyl ester derivative (10). LR EIMS of 10 gave a (M)+ peak at m/7. 215 indicative of
a formula of C1/ H,IN103, and which showed prominent fragmentation ions at m/z.
172 {IM 0=C-CH311, 144 {IMCH.,CH2CH2CH2CH3I+}, and 102 {IM O=C-
CH3, CH,,CH,,CH2CH2CH3I+}. By 13C NMR, all 11 atoms were easily seen and
further supported the existence of carbomethoxy-ester and N-acetyl groupings. It was
noteworthy that the carbon bearing the nitrogen atom was at higher field than that typical
for-amino acids (644.8).151 The 1H-1H COSY of this pure derivative was highly
descriptive and showed that the amide proton was coupled to a complex methine proton
which was in turn coupled to two different methylenes. One of these was isolated and
at a shift (62.53) fully consistent with its placement adjacent to the carbomethoxy-ester,
thus defining it as a B-amino acid. The other methylene was at higher field (61.50) and
further coupled to a broad peak at 61.25 which contained 6 protons. This 6 proton
multiplet was in turn only further coupled to a high field triplet methyl group at 60.89.
Hence, this last residue was characterized as 13-amino octanoic acid.
The absolute stereochemistry of this residue was shown in three ways. Racemic
synthesis of 3-aminooctanoic acid 152 followed by derivatization with Marfey's reagent
and HPLC analysis gave two peaks. The later eluting of these coincided by co-injection
with a late eluting peak in the chromatogram formed by analysis of similarly derivatized
hormothamnin A hydrolysate. Hence, by analogy to the behavior of -amino acids
derivatized with Marfey's reagent in which the L series elutes earlier than the D
series,148 the hormothamnin A derived 13-amino octanoic acid was shown to be of D
configuration. This was further confirmed by hydrolysis of the acetate and
carbomethoxy esters from derivative 10 with 6N HCl and re-derivatization to form theTable V1.1. High field (500 MHz) NMR data for hormothamnin A (8).
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C#
1H(b)13c(o) 1 sN(o)C# 'H(b) 1C(6)'5N(6;C# 1H(0)11C(6)151's10:
L-HYPRO D-LEU 2 GLY
C-I h C-1 b C-I h
C-2 4.482 59.6 C-2 4.321 51.4 C -2 3.260 42.3
C-3 2.252 38.0 C-3 1.034 39.5 3.815
1.835 1.283 NH 8.840 109.8
C-4 4.299 68.4 C-4 1.573 24.7
C-5 3.318 57.6 C-5 0.751 21.1 D-BAOA
3.609 C-6 0.806 22.8 C-1 b
OH 5.191 NH 7.225 111.7
N c C-2 1.683 39.9
L-ILE 1.901
L-HSER 1 C-I h C-3 4.283 44.8
C-1 h C-2 4.761 55.8 C-4 1.350 35.1
C-2 4.311 48.7 C-3 1.805 39.4 C-5 1.249 30.8
C-3 2.015 33.9 C-4(Me) 0.750 15.4 C-6 h h
1.913 C-5 1.262 22.0 C-7 h b
C-4 3.271 56.9 1.246 C-8 0.89 13.9
3.416 C-6 0.750 11.6 NH 6.878 121.6
OH 4.394 NH 6.491 c
NH 7.039 107.1 L-HSER 2
D-allo-I LE C-I - h
D-PHE C-1 h C-2 4.702 49.0
C -1 b C-2 4.684 53.6 C-3 1.799 33.4
C-2 4.234 56.8 C-3 2.068 37.1 C-4 3.555 56.9
C-3 2.960 37.0 C-4(Me) 0.810 14.5 OH 4.590
3.037 C-5 1.121 26.3 NH 7.093 118.9
C-4 138.0 1.195
C-5 7.208 129.1 C-6 0.836 11.1 DHHA
C-6 7.265 128.2 NH 8.437 112.6C-1 166.7
C-7 7.392 126.3 C-2 131.8
C-8 7.265 128.2 L-LEU 1 C-3 5.765121.7
C-9 7.208 129.1 C-1 b C-4 1.754 12.5
NH 7.650 111.5C-2 4.021 53.1 NH 10.691 132.1
C-3 1.365 39.2
1.561
C-4 1.630 24.1
C-5 0.919 22.6
C-6 0.851 21.4
NH 8.486 118.1
aSpectra obtained in DMSO-d-6 a 25"C.
"Unassigned carbonyls at 6174.6 173.1, 172.8, 172.5, 172.2, 172.0, 171.3, 170.4, 169.5, 169.2.
Not detected.126
N-( 2', 4'- dinitrophenyl)- p- methoxyanalide (10.'53In its circular dichroism spectrum
derivative 11 gave a positive 267 nm Cotton effect which decreased to negative
numbers at 400 nm, a spectrum highly indicative of aliphatic (3 -D -amino acids.153
Finally, methyl -3R- aminoheptanoate acetate (12) was synthesized from 2R-
aminohexanoate (D-norleucine) using adaptations of literature methods 154 and its
rotational characteristics compared with methyl -3- aminooctanoate acetate (10) obtained
from hormothamnin A (8). Compounds 10 and 12 showed comparable positive
rotations at 589 nm.
A partial sequencing of residues in hormothamnin A was obtained by analysis of
the FAB MS fragmentation pattern. As expected, the peptide bond to each side of the
a,3--unsaturated residue (DHHA) preferentially opens with subsequent fragmentation
pathways deriving by both clockwise and counterclockwise successive residue losses
(Figure 1). The combination of these four easily discerned fragmentation pathways
yields the following sequence of residue masses beginning with DHHA: 183- 113 -101-
147- 113 113 113 113 -57- 141 -1011. These could be interpreted to give the sequence
DHHA-113-HSER-PHE-113-113-113-113-GLY- BAOA-HSER I wherein 'mass equal
to 113' residues could be either HYPRO, LEU, ILE or allo-ILE (see Figure V1.3)
However, the primary positioning of these eleven amino acids in hormothamnin
A utilized data obtained from NOESY and ROESY experiments performed at high field.
In turn, this required a full assignment of the 13C and 11-1 NMR spectra for
hormothamnin A which was accomplished by a combination of 1H-1H DQFCOSY and
TOCSY. 13C DEPT, 1H-13C LR HETCOSY, HMQC, and HMBC experiments (Table
V1.1).
Two NOESY (50 and 100 ms) experiments and one ROESY (50 ms) experiment
were run on hormothamnin A in DMSO-d6 at 500 MHz and 24°C. While all of these127
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Figure VI.3. Positive Ion FAB MS Fragmentation Pathways Obtained for
Hormothamnin A (8) Giving Partial Sequence Information
spectra gave a wealth of information on the structure of 8, the ROESY was most
descriptive of the sequence of residues in the molecule. As seen in Table 2, a series of
unidirectional NH-H interactions were observed that gave the primary connectivities.128
Further, a ROE interaction was observed between the NH of DHHA and the protons
of the hydroxyproline residue, thus closing the macrocyclic ring. Through the series of
adjacent leucine, isoleucine and phenylalanine residues found in 1, NH-NH ROE
interactions were also observed, indicative of additional secondary structure in this
region. In addition to the expected ROE interactions between the NH of HSER2 and the
13 protons of the BAOA residue, interactions were also detected between the NH of
LEU2 and theprotons of the D-PHE residue.
Table VI.2. Connectivities observed from a 50 ms ROESY spectrum.
NH a H NH f3H
DHHA HSER 2
HSER 2 BAOA
BAOA GLY
GLY LEU 1
LEU 1 allo-ILE
alto -ILE ILE
ILE LEU 2cello -ILE, LEU 2
LEU 2 PHE PHE PHE
PHE HSER 1
The remaining structural questions, the locations of the D and L leucine and
normal and a /lo- isoleucine residues, required chemical degradation coupled with amino
acid analysis. Principally, this effort utilized a key pentapeptide fragment which was
obtained in relatively good yield from acid hydrolysis of hormothamnin A (8) and
subsequent acetylation and methylation. This pentapeptide derivative (13) results from
hydrolysis of the HSER-PHE and LEU-GLY linkages with the intervening linkages129
between hydrophobic residues being more resistent. The HPLC purified fragment (13)
was completely characterized by various spectroscopic methods and showed in its FAB-
MS a strong series of sequence ions which confirmed the relative positions of PHE and
LEU/ILE/al /o-ILE residues (see experimental).
The location of ILE and allo-ILE residues in hormothamnin A (8) was shown in
two ways, 1) comparison by HPLC of the amino acids remaining following two or
three cycles of Edman degradation of the pentapeptide 13, and 2) amino acid analysis of
three additional peptide fragments isolated (15-17) from partial acid hydrolysis of
hormothamnin A (8).
The pentapeptide derivative 13 was deprotected by acid treatment to yield D-
PHE-LEU-(ILE-allo-ILE)-LEU (14) which was then deposited on an immobilon filter
and partially sequenced on an automated gas phase protein sequencer. Two Edman
degradation cycles were run with normal programming and the eluents discarded. The
filter was removed and subjected to 6N HC1 hydrolysis conditions and the resulting
amino acids were analyzed by standard HPLC analysis with post-column ninhydrin
detection. This showed principally three residues, LEU, ILE and allo-ILE. Another
sample of deprotected pentapeptide 14 was adhered to a second filter and this time
subjected to three cycles of Edman degradation. Again, the filter was removed and
amino acids liberated by 6N HCl treatment. HPLC analysis of this gave principally
LEU and allo-ILE, although a small amount of ILE still remained. This finding
supported a PHE-LEU-ILE-a//o-ILE-LEU sequence which was confirmed by the
following. HPLC of the peptides resulting from partial hydrolysis of hormothamnin A
gave tripeptide 15 which analyzed by traditional amino acid analysis for PHE, LEU and
ILE, and tetrapeptide 16 which analyzed for PHE, LEU, ILE and alto -ILE. The
structures of 15 and 16 were confirmed by H NMR and FAB MS analyses. Complete130
acid hydrolysis of peptides 15 and 16 followed by derivatization with Marfey's reagent
and gradient HPLC analysis gave for 15 D-PHE, D-LEU and L-ILE while 16 analyzed
for D-PHE, D-LEU, L-ILE, and D -allo -ILE. Implicit in this data set is the answer to
the second question, that is, that D-LEU is adjacent to D-PHE, and hence, the L-LEU
must reside between the D-allo-ILE and GLY residues. The location of D- and L-LEU
residues in hormothamnin A (8) was additionally confirmed by HPLC isolation ofa
small amount of the dipeptide PHE-LEU (17) from partial hydrolysis of hormothamnin
A. Complete acid hydrolysis of this fragment followed by derivatization with Marfey's
reagent and HPLC analysis gave only D-PHE and D-LEU. Hence, the complete
structure of key pentapeptide fragment 14 obtained from hormothamnin A (8) was
determined to be D-PHE-D-LEU-L-ILE-D-allo-ILE-L-LEU.
Incorporation of these stereochemical features into the planar structure of
hormothamnin A (8) yields its complete structure as cyclo-ID-PHE-D-LEU-L-ILE-D-
allo-ILE-L-LEU-GLY-D-BA0A-L-HSER-DHHA-L-HYPRO-L-HSER1. It is
interesting to note the segregation of hydrophobic and hydrophilic residues in this novel
cyclic peptide. The location of the dehydro-amino acid residue (DHHA), which is
sandwiched between the three hydrophilic residues in the molecule, may be important to
the cytotoxic, antimicrobial and possible chemical defense properties of hormothamnin
A (8).145, 149 A closelyrelated cyclic peptide, laxaphycin A, possessing the same
overall constituitive structure as hormothamnin A but differing in several stereochemical
features, has recently been obtained from a terrestrial isolate of the related blue-green
alga Anabaena laxa (R.E. Moore, U. Hawaii, personal communication). By direct
comparisons, laxaphycin A was shown to minimally differ from hormothamnin A in the
stereochemistry of the DHHA unit I laxaphycin A (see Table VI.1 for hormothamnin A)
11-1 NMR (DMSO-d-6) 610.88, 5.60, 1.71; 13C NMR 6166.8, 130.7, 119.3, 13.9;131
NOE irrad. NH (S 10.88), 17% enhancement of H3 (85.60); NOE irrad. 1-13. 6%
enhancement of NH1.132
EXPERIMENTAL
General Instrumentation. Nuclear magnetic resonance (NMR) spectra were
recorded on Bruker AM 400 and AC 300, and Varian VXR 500 spectrometers. All
shifts are reported relative to an internal tetramethylsilane (TMS) standard. Massspectra
were recorded on Kratos MS 50TC and Finnigan 4023 mass spectrometers. Ultraviolet
spectra were recorded on a Beckman DB-GT UV-VIS spectrophotometer and infrared
spectra on Nicolet 5 DXB FT 15 and Nicolet 510 spectrophotometers. High
performance liquid chromatography (HPLC) was performed with Waters M-6000 and
M-45 pumps, U6K injectors, and either a R401 differential refractometer ora Waters
lambda-Max 480 lc spectrophotometer. Amino acid analyses were performed at the
Protein Structure Laboratory at U. California, Davis on a Beckman 6300 with detection
at 440 nm and 570 nm. Partial peptide sequence data were obtained using an Applied
Microsystem 475 Gas Phase Protein Sequencer followed by HPLC detection using a
Beckman System Gold (0.3 mlimin) with post-column ninhydrin detection. Merck
aluminum-backed thin-layer chromatography (TLC) sheets were used for TLC, and all
solvents were distilled prior to use.
Collection, extraction and isolation (lhormothamnin A (8). Small attached tufts
of Hormothamnion enteromorphoides were collected from -1 to -3 meters at Vega Baja
on the North Coast of Puerto Rico in 1986 and 1987 and stored in IPA until extraction.
Peptides were extracted by repetitive steeping in CHC13/Me0H (2:1) and purified by
vacuum chromatography followed by repetitive reverse phase HPLC as previously
detailed.12 Pure hormothamnin A (8) showed spectral characteristicsas previously
reported'` and as found in Table 1; amino acid analysis (concentration in nMoles,
retention time) HYPRO (1.50, 12.55 min), HSER (not calc., 19.95 min), GLY (1.77,133
30.30 min), allo-ILE (ca. 1.28, 49.48 min), ILE (1.24, 50.62 min), LEU (3.55, 51.58
min), PHE (1.64. 56.96 min); LR FAB MS (relative intensity) m/z 1218.7 (89), 1198.7
(15), 1197.7 (35.0), 1196.7 (52.7), 1174.5 (4.4), 970 (1.3), 899.5 (1.3), 897.5 (1.3),
857.4 (1.4), 835.5 (1.3), 814.4 (1.4), 784.4 (2), 752.4 (1.5), 722.4 (1.6), 701.4
(2.7), 671.3 (2.3), 639.4 (2.3), 609.3 (2.7), 588.3 (5.4), 558.3 (3.9), 526.3 (2.9),
496.3 (4), 475.2 (7.3), 445.2 (5.4), 413.2 (3.1), 383.2 (9.8), 362.1 (22), 326.2 (4.7),
300.2 (10), 298.1 (6), 282.1 (6.9), 261.1 (9.5), 227.1 (18), 215.1 (31), 199.1 (34),
197.1 (17), 195.1 (10), 187 (10), 185 (16), 182 (17), 169 (21), 167 (12), 157 (12),
154 (37), 152 (13), 140(22), 138 (21), 136 (36), 131 (17), 125 (33), 120 (92), 114
(31).
Partial acid hydrolysis of hormothamnin A (8). Hormothamnin A (66.7 mg)
was dissolved in one drop of methanol and then 10 ml of 2 N HCl was added. After
refluxing for 24 hours, the solution was neutralized by the addition of saturated
NaHCO3 (pH 9.5) and evaporated in vacuo to give a salty white powder. The powder
was acetylated (Ac.,0/pyridine, 1:1) with stirring overnight at room temperature. The
acetylation was stopped by pouring the reaction products into acidified saturated NaC1
(pH 2). The solution was then extracted with CHC13 (2x). The CHC13 layer was
washed with acidic NaC1 solution and evaporated in vacuum to yield a residue. The
residue was methylated twice with CH,,N2 in ether to give 42 mg of material which was
then separated by HPLC [Lichrosorb RP-18 (711m) 250 x 10 mm, 60% Me0H/H20)] to
yield seven fractions. The materials retained in the column were eluted with 100%
Me0H. Fraction 6 was further purified (Versapack Silica 102 x (300 x 4.1 mm),
50% Et0Adhexanes) resulting in pure methyl 3-D-acetamidooctanoate (10, 0.8 mg).
Fraction 7 contained the derivatized dipeptide 17. The materials eluting with 100%
methanol were further separated by HPLC (linear gradient of CH3CN in H2O, 40% to134
70% in 40 minutes, 1.5 mUmin, Phenomenex Ultracarb RP-ODS (20), 30 cm x 4.1
mm) to yield the derivatized tripeptide (16) and tetrapeptide (15).
Hormothamnin A triacetate (9). 11-INMR (300 MHz, CDCL3): 69.4 (1H, D20
exch.), 7.65 (1H, D20 exch.), 7.32 (2 H, bd, J = 6 Hz), 7.24 (2H, t, J = 6 Hz), 7.19
(1H, m), 6.88 (IH, D20 exch.), 6.6 (1H, D20 exch.), 5.52 (IH, m), 5.26 (1H, m),
4.69 (1H, m), 4.60 (1H, t, J = 5 Hz), 4.50 (2H, m), 4.35 (4H, m), 4.0 (2H, m), 3.87
(2H, m), 3.7 (2H, m), 3.18 (1H, bd, J = 12 Hz), 2.98 (1H, bt, J = 12 Hz), 2.57 (1H,
m), 2.46 ( IH, m), 2.33 (5H, m), 2.07 (3H, s), 2.06 (3H, s), 1.99 (3H, s), 1.90 (2H,
m), 1.80 (3H, d, J = 7), 1.11.7 (22H, m), 0.71.05 (27H, m).
Methyl 3-D-acetamidooctanoate (10). Derivative 10 showed lain = + 20.2° (c
= 0.08, Me0H);1H NMR (300 MHz, CDCL3): 66.02 (1H, m), 4.24 (1H, m), 3.69
(3H, s), 2.53 (2H, m), 1.97 (3H, s), 1.50 (2H, m), 1.28 (6H, m), 0.89 (3H, t, J = 7.8
Hz); 13C NMR (75 MHz, CDC13): S 172.5, 169.5, 51.6, 45.9, 38.1, 34.0, 31.5,
27.2, 25.9, 23.5, 22.5, 14.0; EIMS (rel. intensity %): m/z 216 (M + fr, 3), 215
(M4,3), 184 (7), 172 (26), 144 (38), 102 (100), 70 (14), 60 (28), 43 (66);
N-(2',4'-dinitrophenyl)-p-methoxyanalide (11). Derivative 10 was hydrolyzed
in 6 N HCl by refluxing for 6 hours and the solution was passed through a small RP-18
column. After thoroughly washing with distilled water, the column was eluted with
100% Me0H. The Me0H eluent was evaporated to give the free amino acid which was
derivatized directly according to Nagai et al.20 to produce the N-(2',4'-dinitrophenyl)-p-
methoxyanalide derivative (11, CD (MeOH), 101267 +3900,101400 -1200).
Derivatization ofamino acids with 1-fluoro-2,4-dinitropheny1-5-L-alanine amide
(FDAA) and HPLC analysis. For the FDAA (Marfey's reagent) derivatization
procedure (Pierce Chemical Company), a small amount of sample in 100 Al of acetone
was mixed with 2001u1 of a 1% solution of FDAAin acetone. To this was added 40 pl135
of 1.0 M sodium bicarbonate solution, and the resultant solution was heated at 40°C for
one hour and then allowed to cool. After addition of20 Al of 2 M HC1, the resulting
solution was degassed and then analyzed by HPLC. The HPLC analysis used the
following conditions: solvent A, 0.05 M Et3N in H3PO4 at pH 3; solvent B,
acetonitrile; linear gradient with flow rate of A + B at 1 ml/minute, solvent B from 10%
to 60% in 2 hours; column, Phenomenex Ultracarb RP(20), 30 cm x 4.1 mm; UV
detector at 340 nm with 0.10 AUFS.
Synthesis of +3-amino octanoic acid. Malonic acid (12.5 g) was dissolved in 28
ml of dried pyridine and then 12.5 ml of hexanal and 1.2 ml of distilled pyrrolidine were
added. After refluxing for 30 minutes, the products were poured into 300 ml of chilled
dilute HC1 solution. The solution was extracted with ether (3 x 100 ml) and the ether
layer was washed with distilled water, dried with Na.,SO4, and evaporated to give 12.9
g of octa-2(E)-enoic acid. The acid (0.26 g) wasmethylated with CH,,N., in ether and
then mixed with 0.31 g of phthalimide in 10 ml of dried pyridine. The mixture was
refluxed for 24 hours in the presence of EtONa catalyst. After cooling to room
temperature, the reaction was poured into ice water and the resultant solution extracted
with CHC13 (2 x 20 ml). The extract was fractionated by vacuum silica gel column
chromatography to yield 124 mg of methyl 3-phthalimidooctanoate.1H NMR
(CDC13, 300 MHz): 67.70 (2H, m), 7.6 (2H, m), 4.59 (1H, m), 3.53 (3H, s), 3.10
(1H, ddd, J = 1.8, 9.8, 16.0 Hz), 2.72 (1H, ddd, J = 1.5, 5.4, 16.0), 2.0 (1H, m),
1.66 (1H, m), 1.19 (6H, m), 0.77 (3H. m). 13C NMR (CDC13, 75 MHz): 6171.3,
168.2, 133.8, 131.6, 123.1, 51.6, 47.9, 36.6, 32.1, 31.1, 25.8, 22.2, 13.8. The
methyl 3-phthalimidooctanoate product was hydrolyzed (6 N NaOH, 100 °C, 2 h) and
the resultant solution acidified and passed through a pipet column containing reverse
phase silica gel (ODS). The product was eluted from the ODS column with Me0H, the136
Me0H evaporated and then redissolved in acetone, to give 3-amino octanoic acid
contaminated by a small amount of phthalic acid: 1H NMR (CD3)2CO, 300 MHz): 6
4.4 (1H, m), 2.75 (1H, dd, J = 17, 6 Hz), 2.55 (I H, dd, J = 17, 9 Hz), 1.65 (2H, m),
1.5 (2H, m), 1.35 (4H, m), 0.9 (3H, t, J = 6). This 3-amino octanoic acid was reacted
directly with FDAA for HPLC analysis.
Synthesis of methyl 3-D-acetamidoheptanoate (12). D-norleucine (1 g) and N-
ethoxycarbonylphthalimide (1.7 g) were dissolved in 25 ml of tetrahydrofuran and 2 ml
of triethylamine and then refluxed for 24 hr. The reaction solution was filtered and the
solvents removed in vacuo to give a residue which was dissolved in 30 ml of CHC13.
The CHC13 solution was extracted with 10% Na,CO3 (3 x 30 ml). The Na2CO3
solution was then acidified to pH 2 with 6 N HC1 and then extracted with CHCI3 (3 x
50 ml). The CHC13 layer was washed with water and then evaporated to give pure N-
phthaloyl D-norleucine (1.63 g).N-phthaloyl D-norleucine (0.4 g) was mixed with 1
ml of thionyl chloride and refluxed for 2 hr. Excess thionyl chloride was removed by
evaporation and the residue was dissolved in anhydrous ether and then slowly dropped
into an excess of diazomethane (Et,0-Me0H) in an ice bath. After the addition was
completed, the reaction was allowed to warm to room temperature for 1 hr and then
excess reagent and solvents were removed in vacuo to give aresidue (0.4 g) which
contained about 85% 1-diazo-3-phthalimidoheptan-2-one and 15% 1-chloro-3-
phthalimidoheptan-2-one by 1H NMR analysis. The mixture (0.13 g) in 100 ml of
dioxane was treated with 100 ml of aqueous Ag20-Na,S203 (pH ca. 7.5) prepared by
dissolving Ag20 (formed by precipitation of 6.0 g of AgNO3 with 1.7 g of NaOH in
H20) and Na,S.,03 (12 g) in 100 ml dioxane. The solution was refluxed (1 hr),
acidified to pH 2, extracted with ether (3 x 150 ml), dried over Na,SO4, concentrated in
vacuo, methylated (CH,,N, in ether), and purified bysilica gel chromatography to give137
methyl 3-D-phthalimidoheptanoate (57 mg). This 3-D-phthalimidoheptanoate was
refluxed in 6 N HCl (8 h), concentrated in vacuo, and then methylated (CH,N,,) and
acetylated (AciO/pyridine, 1:1, overnight). The acetylation was quenched with the
addition of methanol, diluted with 20 ml of CHC13, washed with 15% HOAc (aq), and
the chloroform layer was evaporated to give an oily material which was further purified
by HPLC [Lichrosorb RP-18 (7 gm), 250 x 10 mm, 60% Me0H in H201 to yield 7.5
mg of methyl 3-D-acetamidoheptanoate.1H NMR (CDC13, 300 MHz): 66.04 (1H, br.
d, J = 8.9 Hz), 4.21 (1H, m), 3.69 (3H, s), 2.58 (1H, dd, J = 5.0, 16.0 Hz), 2.50
(1H, dd, J = 5.0, 16.0 Hz), 1.98 (3H, s), 1.51 (2H, m), 1.30 (4H, m), 0.88 (3H, t, J
= 6.7 Hz);13C NMR (CDC13, 75 MHz): 6172.4, 169.4, 51.6, 45.9, 38.1, 33.7,
28.3, 23.4, 22.3, 13.9; FAB MS m/z (rel. intensity): 224 (M+Na+, 70), 202 (MH+,
100), 176 (32), 170 (81), 160 (40), 128 (72), 111 (49), 102 (44), 86 (72), 60 (32);
[alp = +9.0° (c = 0.5, Me0H).
Formation and isolation of deri vatized pentapeptide 13: Hormothamnin A (21
mg) was dissolved in one drop of methanol and then 0.5 ml of 20% trifluoroacetic acid
was added. The reaction tube was sealed and heated in a100° C oven for 1 hr. The
reaction solution was repetitively extracted with CHC13 and the solvent evaporated in
vacua to give a residue which was methylated by (CH,-,N., in ether) and acetylated
(Ac,,O/pyridine. 1:1, 24 hr). Excess Ac20 and pyridine were evaporated in vacuo and
the resultant material purified by HPLC (Lichrosorb RP-18 (7pm) RP-18, 250 x 10
mm, 80% Me0H/H2O) to yield derivatized pentapeptide 13 (ca.2 mg) which showed
the following: 1H NMR (300 MHz, Me0H-d4): 57.25 (5H, m), 4.60 (1H, dd J =
4.7, 9.6 Hz), 4.4 (3H, m), 4.24 (1H, d, J = 6.7 Hz), 3.66 (3H, s), 3.13 (1H, dd, J =
4.8, 14.0 Hz), 2.87 (1H, dd, J = 9.7, 13.9 Hz), 1.02.0 (12H, m), 1.88 (3H, s), 0.8
1.0 (24H, m);13C NMR (75 MHz, Me0H-d4): 6174.9, 174.4, 174.0, 173.9, 173.8,138
173.4, 138.5, 130.2, 129.5,127.8,59.8,58.0.56.1,53.5,52.6,52.2.41.5, 41.2,
38.6, 38.0. 37.5, 27.4, 25.9,23.4,23.3,22.4,22.1,21.8,16.1,15.0,11.9, 11.6;
FAB MS (rel. intensity %): 674(MH+, 23), 529 (15),485 (3), 416(16),372 (4), 259
(8), 190 (4), 162 (8), 120 (19), 86 (100); high resolution FAB MS: obs. M+ at m/z.
674.4493 gives C36H6oN507 (0.1 mmu deviation).
Formation and sequencing of pentapeptide 14. Pentapeptide 13 (1 mg)was
dissolved in 100111 of Me0H and then 120 pl of trifluoroacetic acid and 380 ill of water
were added The solution was sealed in a vial and heated for 1 hr at 100°C with
periodic shaking. The solution was evaporated in vacuo and the residue purified by
HPLC IPartisil PXS ODS (5 pm), 250 x 5 mm, 80% Me0H/H201 to give the
deprotected pentapeptide 14: FAB MS (% rel. intensity): 640 (M+Na+, 100), 618
(M+H+, 39), 519 (19), 487 (19), 485 (67), 471 (15), 374 (13), 329 (25), 261 (27),
245 (13), 227 (25). Sequencing of the peptide was carried out on an immobilon
membrane filter using an automated gas phase protein sequencer. After two cycles of
Edman degradation, the immobilon membrane was hydrolyzed in 6N HCI at 110°C for
20 hours. Amino acid analysis of this acid hydrolysate showed 98 pmol of LEU. 58
pmol of ILE and 20 pmol of allo-ILE. The same experiment was repeated but with 3
cycles of Edman degradation and the resultant hydrolysate was found to contain 58
pmol of LEU, 25 pmol of ILE and 28 pmol of alto -ILE.
Derivatized tetrapeptide 15. 1H NMR (300 MHz, Me0H-d4): 67.2 (5H, m),
4.59 (1H, dd, J = 5.6, 11.9 Hz), 4.50 (1H, d, J = 5.6 Hz), 4.40 (1H, t,= 7.7 Hz),
4.35 (1H, d, J = 7.7 Hz), 3.63 (3H, s), 3.1 (1 H. m), 2.82 (1H, dd, J= 10.5, 14.0
Hz), 1.02.0 (9H, m), 1.88 (3H, s), 1.02.0 (18H, m); FAB MS (% rel. intensity)
rez : 561 (MH+, 37), 416 (21), 303 (26), 258 (20), 255 (22), 176 (10), 146 (14).
Standard amino acid analysis indicated one molar equivalent each of PHE, LEU, ILE139
and allo-ILE. HPLC analysis of the FDAA derivatives from acid hydrolysis showed
four residues co-eluted with FDAA derivative standards of D-PHE. D-LEU, L-ILE and
D-allo -ILE.
Derivatized tripeptide 16: 1H NMR (300 MHz, Me0H-d4): 67.35 (5H, m),
4.6 (1H, m), 4.48 (1H, m), 4.35 (1H, m), 3.70 (3H, s), 3.1 (1H, m), 2.82 (1H, dd, J
= 8.4, 12.3 Hz). 1.02.0 (6H. m), 1.89 (3H, s), 0.81.0 (12H, m); FAB MS (%
rel. intensity)m/z : 448 (MH+, 44), 433 (16), 303 (10), 259 (26), 255 (100), 176 (30),
146 (16). Standard amino acid analysis indicated one molar equivalent each of PHE,
LEU and ILE. HPLC analysis of the FDAA derivatives obtained from acid hydrolysis
gave D-PHE, D-LEU and L-ILE.
Derivatized dipeptide 17. 1H NMR (300 MHz, CDC13): 67.3 (5H, m), 6.08
(1H, br.d, J =7.6 Hz), 6.2 (1H, br. d. J = 7.4 Hz), 4.65 (1H, m), 4.51 (1H, m), 3.70
(3H, s), 3.07 (2H, m), 1.98 (3H, s), 1.5 (3H, m), 0.89 (6H, d, J = 5.9 Hz); FAB MS
(% rel. intensity)m/z : 335 (1M + HIP, 50), 277 (74), 255 (100), 176 (16), 146 (40).
HPLC analysis of the FDAA derivatives obtained from acid hydrolysis gave D-PHE and
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